Abstract--Positron emission tomography (PET) is a noninvasive molecular imaging technology that is becoming increasingly important for the measurement of physiologic, biochemical, and pharmacological functions at cellular and molecular levels in patients with cancer. Formation, development, and aggressiveness of tumor involve a number of molecular pathways, including intrinsic tumor cell mutations and extrinsic interaction between tumor cells and the microenvironment. Currently, evaluation of these processes is mainly through biopsy, which is invasive and limited to the site of biopsy. Ongoing research on specific target molecules of the tumor and its microenvironment for PET imaging is showing great potential. To date, the use of PET for diagnosing local recurrence and metastatic sites of various cancers and evaluation of treatment response is mainly based on [
18 F]fluorodeoxyglucose ([ 18 F]FDG), which measures glucose metabolism. However, [ 18 F]FDG is not a target-specific PET tracer and does not give enough insight into tumor biology and/or its vulnerability to potential treatments. Hence, there is an increasing need for the development of selective biologic radiotracers that will yield specific biochemical information and allow for noninvasive molecular imaging. The possibility of cancer-associated targets for imaging will provide the opportunity to use PET for diagnosis and therapy response monitoring (theranostics) and thus personalized medicine. This article will focus on the review of non-[
18 F]FDG PET tracers for specific tumor biology processes and their preclinical and clinical applications.
I. Introduction

A. Nuclear Medicine
Nuclear medicine is a noninvasive imaging modality that harnesses the properties of radioactive isotopes to enable visualization of biologic components under normal and pathologic conditions in living subjects. Depending on the properties of the radiotracer, various aspects of biochemical processes can be targeted and visualized by single-photon emission computed tomography (SPECT) or positron emission tomography (PET). Although both modalities are used for cancer diagnosis and imaging, they have relatively low spatial resolution and thus provide limited anatomic information of the lesions. On the other hand, the high sensitivity of these modalities makes them an appropriate molecular imaging technology of choice.
Magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound can precisely visualize the morphology of lesions and provide the exact localization of malignant sites. In addition, functional MRI provides functional imaging data, such as changes in perfusion of neural activity in the brain (Vanzetta, 2006) . However, these technologies are not able to give specific information on the biochemical processes within a given tissue, nor can they image specific target macromolecules within the human body because of their low sensitivity (Nishimura et al., 1988; Spanaki et al., 1999; Ryu et al., 2002) . The increasing availability of PET and SPECT fused/coregistered with CT and MRI for precise anatomic localization, coupled with the discovery of a multitude of new biochemical targets that characterize a specific disease, has led to tremendous ABBREVIATIONS: Akt/AKT, protein kinase B; AR, androgen receptor; ATSM, diacetyl-bis(N 4 -methylthiosemicarbazone; [ 11 C]MET, [ 11 C]methionine; BBNR, bombesin receptor; CDK, cyclin-dependent kinases; c-EGF, Cys-tagged epidermal growth factor; CT, computed tomography; CXCR4, CXC chemokine receptor 4; DHT, dihydrotestosterone; DFO, desferrioxamine B; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; [ 18 F]EF-5, [ 18 F]2-(2-nitro-1H-imidazol-1-yl)-N- (2,2,3,3,3-pentafluoropropyl F]fluoro-2-(4-((2-nitro-1H-imidazole-1-yl)methyl)-1H-1,2,3-triazole-1-yl)-propan-1-ol; FDA, Food and Drug Administration; FDG, fluorodeoxy glucose; FLT, fluorothymidine; GPCR, G-protein-coupled receptor; GRPR, gastrin releasing peptide receptor; HGF, hepatocyte growth factor; HER, human epidermal growth factor receptor; HIF, hypoxia induced factor; HNSCC, head and neck squamous cell carcinoma; Hsp, heat shock protein; hTR, human telomerase RNA; hTERT, human telomerase reverse transcriptase; MAP, mitogen-activated protein; MAPK, mitogen activated protein kinase; MVD, microvessel density; MMPs, matrix metalloproteases; MRI, magnetic resonance imaging; NET, neuroendocrine tumor; NPs, nanoparticles; NSCLC, non-small cell lung cancer; OC, octreotide; PET, position emission tomography; PD153035, 4-[(3-bromophenyl) amino]-6,7-dimeth-oxyquinazoline hydrochloride; PI3K, phosphatidylinositol 3-kinase; PS, phosphatidylserine; PSMA, prostate-specific membrane antigen; Rb, retinoblastoma; RBC, red blood cells; ROI, region of interest; RTK, receptor tyrosine kinase; SA, specific activity; SPECT, single-photon emission computed tomography; SPIO, superparamagnetic iron oxide; SST, somatostatin; SStR, somatostatin receptor; SUV, standardized uptake value; TCTP-1, tumor cell targeting peptide; TGF, transforming growth factor; TK, tyrosine kinase; TK1, thymidine kinase 1; uPA, urokinase plasminogen activator; VEGFR, vascular endothelial growth factor; VLA-4, very late antigen 4.
PET Imaging of Tumor Biology interest in molecular imaging in oncology (Schillaci and Simonetti, 2004) .
Nuclear medicine approaches to cancer imaging can be divided into three main domains: 1) imaging metabolic processes, which is generally called "metabolic imaging"; 2) "functional imaging" that measures blood flow, oxygen consumption, and other functionalities (Gil-da-Costa et al., 2006) ; and 3) "molecular imaging" methods aimed at more specific biochemical targets (Jager et al., 2005) .
Currently, PET imaging tracers in the clinical setting are mainly designed to target general metabolic processes within cancer cells. For example, [ 
]FDG), a glucose analog, is injected in patients and accumulates in tumor cells because of an upregulation of hexokinase, which among other mechanisms, induces high glucose uptake by these cells. Nevertheless, these tracers are not specific, and major research efforts are aimed at the development of specific molecular tracers that will provide information on the biochemistry of the tumor. In the field of oncology, various biochemical components can potentially be targeted and quantitatively imaged to study tumor biology, such as cell surface receptors, proteins involved in signal transduction pathways, apoptosis markers, proliferation markers, proteolytic enzymes, and extracellular matrix targets. The use of specific markers may thus allow personalized treatments for patients and may facilitate and assist the evaluation of treatment.
B. Positron Emission Tomography
PET, a noninvasive molecular imaging modality, is based on nuclear medicine imaging technology and short-lived positron emitting bioprobes. PET enables four-dimensional (three-dimension spatial and temporal) and quantitative determination of the distribution of radioactivity within the human body. PET has been used for in vivo noninvasive biochemical investigations in several medical fields such as oncology, cardiology, and neurology (Wang and Maurer, 2005) .
The fundamental physics that allow dynamic detection and three-dimensional localization of PET is based on a process called annihilation. Upon decay, PET radioisotope emits a positron that thereafter collides with an electron in the surrounding medium. The annihilation that occurs due to the collision converts the mass of the positron and electron into electromagnetic radiation, where two photons with equal energy of 511 keV are emitted simultaneously at ;180°to each other. The patient injected with the PET tracer is surrounded by a ring of scintillation detectors, and only readings detected at the same time at 180°to each other are registered (Saleem et al., 2006) . PET results are calculated from the scans by drawing a region of interest (ROI) that includes the organ or tissue of interest, for example a tumor. Standardized uptake value (SUV) then is calculated as activity concentration in the ROI/ (injected dose/body weight) (Adams et al., 2010) . SUV can be calculated as the average of pixels per area of the ROI (SUV mean ) or as the highest pixels within the ROI (SUV max ). SUV can be affected by image noise, low image resolution, and subjective user ROI selection (Adams et al., 2010) . In preclinical settings, percent injected dose per gram tissue (%ID/g) is often used instead of SUV.
Another nuclear medicine technology that will not be discussed in this article is SPECT. Similar to PET, SPECT uses radioactive isotopes. However, SPECT isotopes emit only one photon upon decay. Detection of a single photon requires physical collimators, which exhibit low geometric efficiencies, to reject scattered photons and to increase or decrease the field of view, depending on the needs of the study. SPECT is less sensitive than PET and does not allow absolute quantitative measurements of tracer accumulation (Rahmim and Zaidi, 2008) .
The use of PET requires the administration of a molecule labeled with a positron-emitting radionuclide, such as 15 O, 13 N, 11 C, 68 Ga, 18 F, 64 Cu, 89 Zr, and 124 I, which have half-lives of 2.037 minutes, 9.965 minutes, 20.39 minutes, 68 minutes, 109.8 minutes, 12.7 hours, 3.27 days, and 4.176 days, respectively (Bonasera et al., 2001; Zhang et al., 2011b) . Positron emitting isotopes are produced mainly by a cyclotron, but several PET isotopes can be produced by a generator (e.g., 68 Ga, 82 Rb). Ideally, the addition of the isotope to the tracer should have negligible or at least quantitatively predictable effect on the biologic properties of the tracer. It is also crucial to avoid saturation of the target being imaged; therefore, the radiotracer should have high specific activity (activity per mole, SA).
The high sensitivity of PET and the low concentration of the tracers used for imaging allow visualization of low-capacity systems such as ligand binding to the receptor. However, to be suitable for PET, there are several requirements for the radiotracer, such as high affinity and selectivity toward the receptor, low nonspecific binding, and optimal biologic half-life.
Some known radiotracers that have been used in the clinic for measuring different processes in the human body are [ 18 F]FDG (Jhanwar and Straus, 2006; Tafti et al., 2012) , 39-deoxy-39-[ (Enslow et al., 2012; Kishino et al., 2012) , and [ 11 C]choline (Gofrit et al., 2006; Rodari et al., 2011) for the measurements of energy, proliferation, and cell membrane metabolism, respectively; 13 N-NH 3 for perfusion imaging (Niemeyer et al., 1993; Fiechter et al., 2012 Fiechter et al., , 2013 ; 15 O-H 2 O for cerebral blood flow (Ter-Pogossian and Herscovitch, 1985; Gruner et al., 2011; Komar et al., 2012) ; [ 11 C]raclopride (Montgomery et al., 2007; te Beek et al. 2012; Urban et al., 2012) ; and [ (Ishida et al., 2004) for the measurements of dopamine system and 68 Ga-N-[ [4,7,10-tris (carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl] (hydroxymethyl)propyl]-, cyclic (2-7)-disulfide (DOTA-NOC) for the detection of neuroendocrine tumors (NETs) (Krausz et al., 2011) .
Small molecules or biomolecules such as peptides, proteins, affibodies, antibodies, aptamers, and oligonucleotides can be labeled with PET isotopes and evaluated for their potential as diagnostic imaging agents. Whether a suitably labeled molecule can act as a tracer will depend on the desired chemical and biologic properties. Small molecules usually have rapid clearance from the blood. Lipophilic molecules often clear through liver and intestine and will mask these organs. Peptides typically have rapid clearance from the blood and relatively high concentration in the target tissue . Peptides are relatively easy to synthesize "in house" with chemical modifications if needed. Moreover, peptides can often tolerate harsh chemical conditions for modification or radiolabeling. Another advantage of the small size is that peptides penetrate tumors fairly easily and may have low nonspecific binding, leading to high accumulation in target tissue . Affibody molecules are small proteins with a scaffold that consists of 58 amino acids and three-helix bundle, display a binding surface as large as antibodies, and have characteristics similar to peptides. Larger biomolecules, such as antibodies, have slow pharmacokinetics (slow clearance from the blood), high nonspecific binding and are not optimal for short imaging timetable, requiring labeling with longer half-life isotopes . In addition, the large size of the antibodies (;150 kDa) limits intratumoral diffusion to a penetration rate of approximately 1 mm every 2 days, leading to heterogeneous deposition within the tumor ). An approach to overcome the disadvantages of antibodies for PET imaging is by antibody engineering. On the basis of the sequence and structure, the size of an antibody can be reduced to create singlechain variable fragment. In addition, naturally occurring heavy-chain antibodies that lack the first constant domain of the heavy-chain (C H 1) and the complete light-chain (Hamers-Casterman et al., 1993) provide an attractive alternative because it contains a complete Fc yet is approximately only half the size of IgG. The antigen-binding fragments of such heavy-chain antibodies are confined in a single domain, referred to as single domain antibody, variable heavy chain, or nanobody Oliveira et al., 2010) . These modifications that change the size of the tracer will probably affect the target binding affinity and specificity and pharmacokinetics compared with the parent antibody and should be analyzed individually for each engineered molecule.
Another type of biomolecules studied as potential PET tracers are oligonucleotides, based on antisense sequences of target mRNA. These molecules, both for imaging and therapy, require delivery of stable oligonucleotides in vivo. The tracer needs to be resistant to nucleases degradation and should have low binding to plasma proteins in circulation. These tracers are also required to overcome biologic barriers, including the immune systems of the body, before they can be taken up by the cells of interest and subsequently hybridized with the target mRNA. The main drawback of antisense oligonucleotides as tracers is that the specificity of the tracer plays a role only after the oligonucleotide is taken up by cells that may or may not have the targeted mRNA. It is unclear whether the labeled oligonucleotide will be secreted or washed if there is no target mRNA. Another unanswered question is whether the antisense oligonucleotide tracer that does bind target mRNA will remain in the cell and how long it will stay after being processed by cellular components.
A very interesting oligonucleotide form, which has not been applied thus far as a tracer for PET imaging, is the aptamer. Aptamers are short strands of RNA or DNA, which undergo selection in vitro by binding to the desired target, removal of unwanted oligonucleotides, and thereafter amplification by PCR, a process called systematic evolution of ligands by exponential enrichment (McKeague and Derosa, 2012) . The ability to use aptamers in vivo is not straightforward: the oligonucleotide folding is highly dependent on the environment, such as pH, and it undergoes rapid degradation in the blood. However, these limitations might be overcome by chemical modifications.
The possibility of targeting receptors for imaging is an attractive concept, because it may provide the opportunity to evaluate agents for the diagnosis of several disorders and allow conducting experiments with agonists or antagonists for guiding and monitoring treatment. Overexpression of various receptors was found to be related to the initiation and progression of cancer. Several examples are estrogen receptor in breast cancer, androgen receptor (AR) in prostate cancer, integrin a v b 3 , vascular endothelial growth factor receptor (VEGFR), and epidermal growth factor receptor (EGFR), all playing a major role in the development of a broad range of human tumors. Overexpressed receptors can be targeted for diagnostic and therapeutic approaches. Developing specific molecules that bind to the overexpressed receptors in vivo with high affinity and specificity will allow the visualization of the tumor based on its biochemical properties using PET. This diagnostic tool may serve as guidance to a specific treatment and monitoring of treatment efficacy.
C. Requirements of Radiotracers for Positron Emission Tomography Molecular Imaging
To perform in vivo molecular imaging and quantitation of low-capacity systems using PET, an appropriate PET biomarker is required. The accumulation of PET Imaging of Tumor Biology radioactivity in target organs is dependent on the interaction of the radiotracer with its target.
A suitable PET radiotracer requires the following characteristics.
High affinity for its target to obtain high-contrast PET images. The desired affinity of the radiotracer depends on the concentration of the target. As a rule of thumb, low capacity systems such as transporters and receptors require target concentration/dissociation constant ratio (B max / K d ) of at least 4 to obtain sufficient contrast. If B max /K d is lower than 1, the radiotracer will not accumulate over plasma levels, and therefore, it will not be possible to detect the target (Elsinga, 2002; Mishani and Abourbeh, 2007) . Imaging low capacity systems, such as enzymes, transporters, and receptors, require a sufficient target concentration to produce a detectable signal. High specificity of the radiotracer to its target is necessary to reduce background noise. The radiotracer must be stable in vivo, otherwise undesirable metabolites might form and bind other molecules or take part in unknown biochemical processes to give nonspecific accumulation of radioactivity. If the target molecule is intracellular, the lipophilicity of a radiotracer is an important parameter, because it determines the ability of the molecule to cross cell membranes. For optimal passage of lipid bilayers, a logP of 1.5-3 is required. Higher values of logP are undesired because they might result in high nonspecific binding caused by hydrophobic interactions between lipids and proteins. Clearance of nonspecifically bound radioactivity within the time scale of measurement for PET is necessary to distinguish between specific and nonspecific uptakes. In addition, the clearance of the unbound radiotracer should not interfere with the target organ (i.e., the bladder and prostate cancer).
There are some radiochemistry demands that ought to be considered, such as the following.
Labeling position within the molecule: it should neither interfere with the binding nor change the affinity of the bioprobe to the target. Furthermore, the labeling position should be metabolically inert to avoid cleavage of the radioactive isotope from the intact bioprobe. Duration of the radiosynthesis and expected radiochemical yield: it is expected to achieve high radiochemical yield and high specific activity within short reaction time (on the order of one physical half-life of the radioisotope or less).
High specific activity: high activity in minimum mass is needed to avoid saturation of binding sites. Under saturating conditions, it would be impossible to measure changes in the concentration of available binding sites. Choice of radioisotope: when choosing a radioisotope, several considerations need to be taken into account for: 1) optimally, replacing an atom that already exists in the molecule, for example carbon-11 instead of carbon-12. In this manner, the properties of the molecule do not change. If this choice is not possible, the labeling will have to be by replacing an atom or addition of the radioisotope, which might change molecular properties. 2) Optimal radiochemical decay, which is reflected in the positron energy. Higher positron energies result in the positron traveling farther before an annihilation event, thus decrease the PET image resolution. In contrast, lower energy of the positron may result in absence of the signal. 3) Optimal half-life-the optimal half-life of the isotope should be as long as (or longer than) the biologic system that is being investigated. For example, ligands binding to receptors may reach an equilibrium state after 3 hours. In this case, the use of a short half-lived isotope, such as carbon-11, is not favored. Favorable dosimetry: dosimetry is affected by the radioisotope energy and also by the other routes of decay. For example, some PET isotopes such as copper-64 also undergo b decay and electron capture, which can be more harmful to the tissue.
II. Imaging of Tumor Biology and Development
Several molecular pathways are responsible for the formation, development, and aggressiveness of cancer. Cancer cells possess a deregulation in their normal proliferation and homeostasis, resulting in constant replication and genetic instability. Weinberg (2000, 2011) described several essential alteration steps in cell physiology that collectively dictate tumor development: sustaining proliferative signaling, evading growth suppression, resisting cell death (apoptosis), limitless replicative potential, inducing angiogenesis, and tissue invasion and metastasis. Acquisition of each of these physiologic changes during tumor development represents the successful breaching of an anticancer defense mechanism hardwired into cells and tissues. Increasing data show that in addition to mutations within the tumor cells, the tumor microenvironment, consisting of normal cells recruited to the tumor, supports tumor development and metastasis, for example, by providing proliferation and anti-apoptotic signals, facilitating angiogenesis, and suppressing the immune system. Some of the processes involved in tumor development and the interaction of tumor cells with stroma are potential targets for PET imaging, as will be discussed below.
A. Sustaining Proliferative Signaling
Most of the cells in the human body are somatic and do not proliferate. Of the cells that do proliferate, mainly tissue stem cells, environmental signals have an important role in regulating cell growth, proliferation, and homeostasis. Normal cells interact with their environment by different mechanisms, including cellcell contact and soluble growth factors or hormones, for receiving proliferation signals. These growth factors can act through cell surface receptors or internally via cytoplasmic receptors (Daughaday and Deuel, 1991) .
Tumor development requires a combination of defects that allow cells to become self-sufficient for cell proliferation and insensitive to signals that normally restrain cell growth. Many of the proliferation growth factors exert their function by binding to surface receptor tyrosine kinases (RTKs), which are transmembrane proteins involved in the regulation of cell proliferation, as well as other fundamental cellular processes such as survival, migration, metabolism, and differentiation (Choura and Rebai, 2011; Takeuchi and Ito, 2011) . RTKs consist of an extracellular domain for ligand binding, a transmembrane domain, and a cytoplasmic domain, which starts the signal transduction using its tyrosine kinase domain.
In normal cells, RTK activity is strictly regulated; but dysregulation or constitutive activation of RTK has been found in a wide range of cancers. The deregulated activation occurs by gain-of-function mutation (Parma et al., 1993; Shenker et al., 1993) , gene rearrangement, gene amplification, and overexpression or abnormal autocrine, endocrine, or paracrine stimulation of both the receptor and the ligand (Porter and Vaillancourt, 1998; McCubrey et al., 2008a,b; Steelman et al., 2008; Takeuchi and Ito, 2011) . Inasmuch as RTKs have been implicated in many aspects of the malignant phenotype, they emerged as promising therapeutic targets (Takeuchi and Ito, 2011) .
Binding of growth factors to RTK induces dimerization and autophosphorylation on one or both of the dimer subunits. This phosphorylation induces intracellular signaling via adaptor proteins to recruit multiple proteins to RTKs, thus amplifying the signal transduction induced by activated RTKs (Porter and Vaillancourt, 1998) . Mutations in these and other signaling pathways can lead to uncontrolled regulation and aberrant signaling. Two of such pathways, which have been shown to be involved in signaling in cancer cells, are the Ras/Raf/mitogen-activated protein kinase Kinase (MEK)/mitogen-activated protein kinase (MAPK) and Ras/phosphatidylinositol 3-kinase (PI3K)/PTEN/Akt/ mammalian target of rapamycin (Chappell et al., 2011) . Activation of PI3K/AKT signaling pathway is a key regulator of normal cell growth and cell fate decisions by processes, such as proliferation, invasion, apoptosis, and induction of hypoxia-related proteins, and this pathway is frequently overactivated in cancers (Schuurbiers et al., 2009) .
Another group of receptors that were found to be involved in cancer formation and progression is the cell surface proteins, G-protein-coupled receptors (GPCR) (Spiegelberg and Hamm, 2007; Lin, 2012) . GPCRs are one of the largest receptor proteins family (Kumar, 2011) , and their discovery earned Robert Lefkowitz and Brian Kobilka the 2012 Nobel Prize in Chemistry. Cross-talk between GPCR and growth factor receptors has a role in downstream signaling activation of proteins that are implicated in cancer growth, angiogenesis, and metastasis (Lappano and Maggiolini, 2011) . Dimerization of GPCR is receptor ligand dependent and is not always a necessary mechanism in GPCR activation (Kumar, 2011) .
Overexpression and/or disregulation of RTKs and GPCRs in tumors led to extensive research and numerous attempts for developing PET tracers that will allow the detection of the receptors and guide and monitor anticancer treatment.
1. Epidermal Growth Factor Receptor. The EGF family comprises six known structurally related polypeptides, namely EGF, transforming growth factor (TGF)-a, amphiregulin, heparin binding EGF, betacellulin, and epiregulin. This family of growth factors is distinguishable by the fact that their soluble forms are proteolytically derived from their integral membrane precursors and that they all contain a conserved threeloop compact structure known as the EGF-like domain (Lee et al., 1995) .
The EGFR belongs to the human epidermal growth factor receptor (HER) family of tyrosine kinase (TK) receptors, which consists of four members: EGFR (HER1 or ErbB1), HER-2/neu (ErbB2), HER3 (ErbB3), and HER4 (ErbB4) . Members of the HER family of TK receptors have extracellular ligand-binding domains, transmembrane regions, and multifunctional cytoplasmic tails. The tail has an ATP-binding site and TK activity and is capable of phosphorylating itself (autophosphorylation) as well as other proteins (Carpenter et al., 1991; Prigent and Lemoine, 1992; Fantl et al., 1993) . Upon ligand binding, the EGFR functions as a branch in the signaling network and forms active homodimers or heterodimers with one of the three related proteins, ErbB2/c-neu, ErbB3, and ErbB4 followed by autophosphorylation of the receptor at the intracellular TK domain. This process initiates a cascade of cellular signaling that increases cell division and influences other aspects associated with malignant progression-angiogenesis, metastasis, and inhibition of apoptosis (Hunter, 1984; Prenzel et al., 2001; Yarden and Sliwkowski, 2001) .
Under nonpathologic conditions, EGFR has moderate expression levels in the liver and kidneys PET Imaging of Tumor Biology (approximately 10 5 receptors per cells), and its expression in normal epithelial tissues is lower (10 4 receptors per cells). EGFR is also expressed by a subpopulation of bone marrow stem cells .
Overexpression of EGFR has been found in numerous human cancers, such as non-small-cell lung carcinoma, squamous-cell carcinoma, colorectal, gastric, pancreatic, ovarian, breast, and prostate cancers (Arteaga, 2002; Mendelsohn and Baselga, 2003; Ritter and Arteaga, 2003) . The number of receptors per cell varies, for example, for breast cancer, MDA-MB-468 cell line was reported to express 10 6 receptors per cells and MCF-7 cell line was found to express only 10 4 receptors per cell . Furthermore, overexpression has been found to correlate with therapy resistance, metastasis formation, and poor prognosis. It is important to emphasize that with a microarray analysis, different human cancer cell lines exhibit different levels of EGFR, which reflect on their sensitivity to EGFR targeted therapies. This finding suggests that cancers in human patients may also have different EGFR expression levels, and it is crucial to determine receptor expression before deciding on the appropriate treatment . Another element that influences the response to anti-EGFR therapy is mutations within the receptor gene, which will be discussed below.
Thus, EGFR is an attractive therapeutic target for the design and development of compounds that specifically inhibit its TK activity and its signal transduction pathway in cancer cells. Such compounds can serve as potential PET agents when labeled with an appropriate isotope. 4-(Anilino)-and 4-[(phenylmethyl)amino]quinazolins have been shown to potently and selectively inhibit EGFR kinase activity by reversibly binding to the intracellular ATP binding domain of EGFR. The prototype for such compounds, the EGFR reversible inhibitors, gefitinib (Iressa; AstraZeneca, London, UK; and Teva, Petah Tikva, Israel) and erlotinib (Tarceva; Genentech, South San Francisco, CA; and OSI Pharmaceuticals, Mellville, NY) (Cohen et al., 2003; Herbst, 2003; Herbst and Kies, 2003) , were approved by the Food and Drug Administration (FDA) for the treatment of non-small cell lung cancer (NSCLC). However, clinical trials using gefitinib did not show significantly improved survival (Comis, 2005) . Moreover, clinical trials with erlotinib showed effective results on survival in only a small percentage of patients in whom EGFR possesses activating mutations in the kinase domain (Cohen et al., 2003; Memon et al., 2011) . Accurate measurements of EGFR phosphorylation level in human tumors are lacking, making it hard to distinguish whether poor response to drugs such as gefitinib or erlotinib is due to the lack of specific activating mutations, to the absence of a survival function of EGFR, or to insufficient long-term occupancy of the receptor by reversible inhibitors (Cohen et al., 2003 ).
Imaging of EGFR and EGFR TK inhibitor by nuclear medicine modalities has been summarized in a number of excellent review articles (Cai et al., 2008b; Mishani et al., 2008) . This article will only highlight the most recent updates.
There has been a growing interest in using EGFR-TK inhibitors as radiotracers for molecular imaging of EGFR overexpressing tumors via PET. Gefitinib was labeled with 11 C and 18 F and evaluated in vitro and in vivo in xenografted mouse models (Su et al., 2008; Kawamura et al., 2009; Zhang et al., 2010) . [ 18 F]Gefitinib had high nonspecific cellular uptake in vitro and did not correlate with EGFR expression levels in vivo (Su et al., 2008) . On the other hand, [
11 C]gefitinib appears to be able to measure EGFR level in fibrosarcoma-bearing mice . [ 11 C]Gefitinib had about 3.5%ID/g uptake in subcutaneous tumors at 1 hour postinjection, which was reduced upon blocking with gefitinib (100 mg/kg), indicating a specific binding . However, [ 11 C]gefitinib had~10 times higher accumulation in the small intestine, and high uptake was also observed in the liver, heart, lung, and kidneys , limiting the application of [ 11 C]gefitinib for the diagnosis of lesions in these organs. Memon et al. (2009) labeled erlotinib with 11 C and tested its use in mice bearing subcutaneous human lung cancer tumors that had low expression (A549 and NCI358) and high expression (HCC827) of EGFR (Memon et al., 2009) . They showed that xenografts from the erlotinib-sensitive HCC827 cells could be visualized by micro-PET scanning with 3.66%ID/g, whereas xenografts from A549 and NCI358 cells could not (1.62 and 0.69%ID/g, respectively) at 1 hour postinjection. The researchers pointed out that HCC827 cells with high expression of EGFR also have a deletion gene mutation (delE746-A750) in exon 19. The presence of this mutation is believed to further increase the sensitivity of the HCC827 cells to erlotinib treatment . Further analysis of the data showed correlation between EGFR expression and sensitivity to erlotinib and uptake of [ 11 C]erlotinib in the tumors. It is important to note that although [ 11 C]erlotinib seems to be a potential biomarker, it also exhibits very high uptake in the liver.
[ 11 C]Erlotinib was evaluated in clinical trial in 13 patients with NSCLC (Memon et al., 2011) (Memon et al., 2011) . PD153035 [4-[(3-bromophenyl )amino]-6,7-dimeth-oxyquinazoline hydrochloride)] is another EGFR TK inhibitor that was labeled with 11 C and evaluated in tumor-bearing mice (Wang et al., 2007b) , healthy human volunteers , and in 21 patients with advanced chemotherapyrefractory NSCLC using PET/CT (Meng et al., 2011) . NSCLC patients were treated with erlotinib (150 mg daily) and imaged with [ 11 C]PD153035 before treatment (baseline), and 1-2 weeks, and 6 weeks after treatment. Overall survival and progression free survival times were correlated with the [ 11 C]PD153035 SUV. The researchers found a strong correlation between patients with higher SUV max and survival, whereas patients who had higher SUV max at the baseline point survived much longer than patients with lower baseline SUV max (Meng et al., 2011) . On the other hand, no correlation was found at 6 weeks after treatment between baseline SUV max and overall survival or progression free survival (Meng et al., 2011) . The researchers suggested that [ 11 C]PD153035 PET/CT may be a rapid way for identifying patients, with refractory advanced NSCLC likely to respond to the EGFR-TK inhibitors but not for monitoring treatment response. It is also important to note that [ 11 C]PD153035 distribution in human patients showed that accumulation in the tumor ranged from SUV max 1.26 to 5.93 compared with accumulation in the bladder (5.29 6 1.09), gallbladder (2.67 6 1.06), kidneys (2.15 6 0.69), small intestine (1.88 6 0.78), and liver (1.09 6 0.81) , making the tracer inappropriate for imaging EGFR expression of tumors in these organs. The researchers did not evaluate activating mutations in the EGFR for the patients in this study, suggesting that their results are independent of EGFR mutations.
Another study reported by Yeh et al. (2011) described the preclinical study of small molecule TK-inhibitor, [ and to less degree in genfitinib-resistant H441 tumors (1.59 6 0.44%ID/g), whereas uptake in H1975 and PC14 tumors was low and similar to muscle background (Yeh et al., 2011) . [ 18 F]F-PEG6-IPQA uptake was significantly reduced after treatment with gefitinib (1.38 6 0.43%ID/g) in H3255 tumors. As expected, gefitinib treatment did not affect the drug-resistant tumor cells, H441, which had F]F-PEG6-IPQA uptake was also decreased in H1975 and PC14 tumor xenograft models. H1975 cells have the L858R mutation, which is sensitive to gefitinib, but they also have second mutation, T790M, which gives resistance to gefitinib by interfering its binding to the ATP binding site of EGFR kinase (Yeh et al., 2011) . This tracer may allow detection of EGFR-positive tumors expressing L858R mutation and help distinguish patients who will respond to EGFR-TK inhibitors such as gefitinib and erlotinib.
Most of the TK inhibitor-based tracers are small molecules that have shown the value of screening EGFR positive tumors in patients, but also displayed undesired uptakes in metabolic organs such as liver, kidneys, and intestine and limit their wide clinical use for lesion detection and receptor quantification.
Cetuximab (Bristol-Myers Squibb, New York, NY; and Eli Lilly and Company, Indianapolis, IN) was the first antibody approved by the FDA for the treatment of colorectal cancer and head and neck cancer. Cetuximab binds to the extracellular domain of EGFR with nanomolar affinity, similar to that of the natural ligand EGF (Fan et al., 1993) . It was found to be effective in prolonging survival in conjunction with either radiation or chemotherapy treatments in locally advanced tumors and recurrent and metastatic tumors (Bonner et al., 2010; Kabolizadeh et al., 2012) . However, cetuximab was found to work only in cases where KRAS (Kirsten rat sarcoma) protein is not mutated. Cetuximab has been conjugated with macrocyclic chelator DOTA and labeled with 64 Cu for PET imaging of EGFR. In one study, 64 Cu-DOTA-cetuximab was tested in seven xenograft models, and a good linear correlation was found between the tumor uptake measured by PET scans and the EGFR expression level ex vivo measured by Western blot (Fig. 3) (Cai et al., 2007) . In another study, five cervical cancer xenograft models were used. Positive correlation between EGFR mRNA expression levels, cell-surface expression of the EGFR, and the internalization degree of 64 Cu-DOTA-cetuximab was found . Nevertheless, the pharmacokinetics of 64 Cu-DOTA-cetuximab was characteristic of antibodies and displayed very slow clearance from nontarget organs such as the blood, spleen, heart, lung, and liver. At 24 hour postinjection these organs still had high uptake, suggesting that optimal contrast might be observed at late time points.
A more potent monoclonal antibody of the EGFR, panitumumab, approved for the treatment of colorectal cancer by the FDA, was conjugated with DOTA and labeled with 64 Cu (Niu et al., 2009 ). The ability of 64 Cu-DOTA-panitumumab to image EGFR expression levels was tested in three human head and neck squamous cell carcinoma (HNSCC) cell lines, which had different levels of EGFR expression, determined by flow cytometry in the order of UM-SCC-22B , SAS , SQB20. Interestingly, there was no correlation between PET quantification and EGFR protein expression level. The tumor cell lines that had the lowest EGFR protein expression (UM-SCC-22B) among the three cell lines tested, showed the highest accumulation of 64 Cu-DOTApanitumumab (34.80 6 9.26%ID/g at 48 hour postinjection), whereas the tumor cell line with the highest EGFR expression (SQB20) showed the lowest accumulation of 64 Cu-DOTA-panitumumab (9.39 6 1.44%ID/g at 48 hour postinjection; Fig. 4 ) (Niu et al., 2009 ). The tumors were excised and immunofluorescence staining was performed to determine EGFR expression in the tumors ex vivo. EGFR expression was found to be correlated with the flow cytometry results. However, after in vivo injection of fluorescein isothiocyanatelabeled panitumumab, the staining profile was significantly different, whereas UM-SCC-22B had uniform staining, SQB20 slides had patchy staining, suggesting low penetration of the antibody in the SQB20 tumors. In an attempt to explain these results, the vascularity of each tumor type was examined, and it turned out that the microvascular density of SQB20 was the lowest (Niu et al., 2009 ). The researchers suggested that the vascular density can be a determining factor for antibody diffusion and binding and subsequently influence treatment efficacy. To ensure their idea, the researchers repeated the experiment with another antibody tracer, 64 Cu-DOTA-cetuximab, that showed similar results to those obtained with 64 Cu-DOTA-panitumumab in this model of HNSCC (Niu et al., 2009) . Similar disparity results were also shown by Aerts et al. (2009) using 89 Zr-Cetuximab. This study provides evidence for the lack of an observed correlation between therapeutic efficacy of cetuximab and panitumumab and EGFR expression level as determined by immunohistochemistry and emphasizes the superiority of PET imaging for determining drug accumulation in target organ.
Panitumumab was also labeled with a longer halflived PET isotope 89 Zr (t 1/2 = 78.4 hour) (Nayak et al., 2012) . Labeling with 89 Zr allows imaging for 4-5 days postinjection, when most of the antibody was cleared from the blood and gave very high tumor-to-blood and tumor-to-muscle ratios (Ramos-Suzarte et al., 1999) . Panitumumab was conjugated to the chelator p-isothiocyanatobenzyl-desferrioxamine B for 89 Zr labeling. 89 Zr-panitumumab was injected into mice bearing human colorectal adenocarcinoma, using EGFR-positive (LS-174T) and EGFR-negative (A375) cell lines (Nayak et al., 2012) . Micro-PET of 89 Zr-panitumumab combined with MRI showed significant differences between the positive and negative tumors and was able to detect distant metastatic lesion sites. 89 Zr-Panitumumab accumulated in positive tumors with a peak tumor uptake of 42.89 6 4.49%ID/g 3 days postinjection and was proven to be specific to EGFR by blocking with unlabeled panitumumab.
Another biomarker for targeting EGFR is anti-EGFR Affibody protein (Z EGFR:1907 ), which has been site specifically labeled with 18 F and 64 Cu and evaluated in tumor-bearing mice (Miao et al., 2010 (Miao et al., , 2012 . The labeled Affibody molecule showed good pharmacokinetics in vivo with fast accumulation in EGFR-positive tumors but also displayed very high uptake in the liver (Fig. 5) . 64 Cu-Affibody also had extremely high renal uptake and retention, although this issue was partially resolved by 18 F labeling (Miao et al., 2010 (Miao et al., , 2012 . Surprisingly, liver uptake was reduced and tumor uptake was increased when the labeled Affibody was administered as low SA form, with 45-50 mg of unlabeled Affibody ( Fig. 5 ). High uptake in the liver may be explained by high concentration of normally expressed EGFR available for binding in the liver, which could retain significant amount of the radiolabeled ligand (Jungbluth et al., 2003; Miao et al., 2010) . When a small amount of unlabeled Affibody is injected, perhaps due to blood flow difference in the liver and tumor, receptors in the liver were blocked more than those in the tumor, to give better PET images. However, using low SA Affibody for imaging will reduce the ability to quantify the receptor in a clinical setting (Miao et al., 2010). Tumor specificity of the labeled Affibody was confirmed by coinjection with 500 mg of unlabeled Affibody (Fig. 5) .
PET imaging of EGFR was also evaluated by labeling the natural ligand EGF (Li et al., 2012a (Li et al., 2012a) and successfully visualized the tumors at early time points of (e.g., 2.60 6 0.59%ID/g at 0.5 hour). Unfortunately, very high uptake was detected in the liver and kidneys (7.23 6 0.51 and 15.5 6 1.21%ID/g, respectively). To overcome liver accumulation, the researchers coinjected unlabeled cEGF with the labeled derivative. Injection of 50 and 500 mg both significantly reduced liver uptake, but coinjection with 50 mg of ice-cold EGF resulted in higher tumor uptake, coinjection with 500 mg of ice-cold EGF resulted in lower tumor uptake, probably due to the blocking of receptor-specific binding in both the liver and tumor (Li et al., 2012a) . Further dynamic scans of [ 18 F]FBEM-cEGF in the same animal model confirmed that the ligand is cleared through both the hepatobiliary and renal routes. This fast clearance resulted in a suitable tumor-to-background contrast required for an imaging agent (Li et al., 2012a) .
2. Human Epidermal Growth Factor Receptor-2/neu. Human epidermal growth factor receptor-2 (HER-2) is another member of the RTKs and is involved in regulating cell growth, survival, and differentiation through interlinked signal transduction pathways, such as PI3K/Akt and Ras/Raf/MEK/MAPK (Yarden and Sliwkowski, 2001) . High expression of HER-2 on the cell membrane results in a constitutive signaling of downstream cascades that contributes to the resistance of cancer cells to apoptosis and leads to their survival improvement (Yarden and Sliwkowski, 2001; Ferretti et al., 2007) .
Overexpression of HER-2 was found in a wide variety of human cancers and was associated with high-grade aggressiveness of the tumor and poor prognosis (MericBernstam and Hung, 2006; Ferretti et al., 2007) . The HER receptor family is involved in the regulation of normal breast growth and development and overexpression of HER-2 is associated with 20% of breast cancer and aggressive phenotype (Yarden and Sliwkowski, 2001) . Overexpression of the HER-2 gene was also suggested to be significantly associated with multiple drug resistance in NSCLC cell lines (Tsai et al., 1993) . Collectively, the data from the literature suggest that HER-2 has a great potential as a target for diagnosis and therapy.
One of the therapies targeting HER-2 is the humanized, recombinant antibody, trastuzumab, which binds to the extracellular domain of HER-2 and has been shown to selectively exert antitumor effects in cancer models and patients with HER-2-amplified breast cancer, but not in tumors with normal HER-2 expression (Vogel et al., 2002; Seidman et al., 2008) . Trastuzumab was approved by the FDA for the treatment of patients with HER-2-positive metastatic breast cancer and as a combination treatment with paclitaxel for the treatment of patients with HER-2 expressing metastatic breast cancers who have not received chemotherapy for their metastatic disease (Milenic et al., 2010) .
Because several excellent review articles on HER-2 imaging have been published (Niu et al., 2008; Smith, 2010) , we will only discuss some of the recent updates on antibodies and affibodies based PET tracers.
Trastuzumab was labeled with 64 Cu and 89 Zr using chelators conjugated to the antibody (Dijkers et al., 2010; Oude Munnink et al., 2010; Paudyal et al., 2010) . In a study that was done with human patients (n = 14), Dijkers et al. (2010) evaluated the optimal dosage and time of administration of 89 Zr-trastuzumab to enable PET imaging of HER-2 in patients with metastatic breast cancer (Dijkers et al., 2010) . Patients who were not pretreated with trastuzumab were injected with doses of 10 or 50 mg of 89 Zr-trastuzumab, and patients who received trastuzumab treatment were injected with 10 mg of 89 Zr-trastuzumab. The patients underwent at least two PET scans between days 2 and 5 post-tracer injection. The best time for assessing 89 Zrtrastuzumab uptake by tumors was found to be 4-5 days after the injection. In addition, for optimal PET scan results in patients who did not receive pretreatment with trastuzumab a dose of 50 mg of 89 Zrtrastuzumab was required, whereas for patients that had the treatment a dose of 10 mg of 89 Zr-trastuzumab was sufficient (Dijkers et al., 2010) . 89 Zr-trastuzumab was also successful in imaging bone, liver, and brain metastases (Fig. 6) . Quantification of the PET images confirmed a dose dependency of trastuzumab clearance and revealed significantly higher uptake in metastatic tumor lesions compared with the corresponding normal tissue ( Fig. 6 ) (Dijkers et al., 2010 ).
An interesting experiment that was done in mice using labeled trastuzumab for HER-2 expression imaging was to evaluate anti-heat shock protein (Hsp) 90 treatment using its inhibitor NVP-AUY922 [5- (2,4-dihydroxy-5-isopropyl-phenyl 
In vivo evaluation was done in a HER-2-positive xenograft model using mice treated with 50 mg/kg i.p. 5- (2,4-dihydroxy-5-isopropyl-phenyl)-N-ethyl-4-[4-(morpholinomethyl) phenyl]isoxazole-3-carboxamide (NVP-AUY922) every other day, and an imaging study was done using 89 Zr-Trastuzumab 6 days before and after treatment. Micro-PET imaging was performed at 1, 3, and 6 day post- 89 Zr-trastuzumab injection and showed reduction of tracer accumulation posttreatment that was confirmed by biodistribution . HER-2 immunohistochemistry performed on the excised tumors confirmed downregulation of HER-2 in the NVP-AUY922-treated group, showing the feasibility of 89 Zr-trastuzumab as a biomarker for Hsp90 inhibition in HER-2-positive xenograft ( Fig. 7 ) .
High-affinity HER-2-binding Affibody molecules were obtained by use of phage display technology and affinity maturation, and several of them were labeled for PET imaging. Cheng et al. (2008) 2 showed poor results as an imaging agent, displaying low tumor uptake and slow clearance from normal tissues such as blood, muscle, liver, lung, and spleen (Cheng et al., 2008) . On the other hand, imaging using the monomer [
18 F]FBO-Z HER-2:477 was rather successful and clearly visualized the HER-2-positive tumors. This study emphasizes the importance of the fine balance between good affinity and size effects, which could influence penetration, as seen from the comparison between the monomer and the dimer (Cheng et al., 2008) .
Another anti-HER-2 Affibody was labeled with 18 F by cysteine conjugation through [ 18 F]FBEM-Z HER-2:342 was tested in five xenograft models with various HER-2 expression levels, and indeed there was a good correlation between HER-2 expression and activity. The effect of therapeutic regimens on HER-2 expression after 17-demethoxygeldanamycin treatment was compared in mice bearing high and low HER-2-expressing tumors. The change of HER-2 protein level upon Hsp90 inhibitor treatment was successfully 64 Cu and 68 Ga for imaging HER-2-positive tumors Kramer-Marek et al., 2011) .
3. Somatostatin Receptors. SStRs are GPCRs, which characteristically comprise a single polypeptide chain with seven transmembrane-spanning domains. Most neuroendocrine tumors (NET) express a high density of SStR; therefore, SStR is a suitable target for PET imaging and targeted therapy. SStR ligand, somatostatin (SST), is a small regulatory peptide widely distributed in the human body that functions as a neurotransmitter in the hypothalamus and also has antiproliferative effects as well as inhibitory effects on the production of several exocrine hormones in the gastrointestinal tract (Koopmans et al., 2009) . SST has two isoforms, one with 14 amino acids and the other with 28 amino acids, both of which bind with high affinity for all five SStR subtypes. Upon ligand activation, the SStR on the cell membrane is phosphorylated; thereafter, the ligand-receptor complex is internalized and directed to the endosomes. The receptor then undergoes dephosphorylation and the vesicles fuse with lysosomes, resulting in an increase of hormone degradation, reduced mRNA and receptor protein synthesis, and receptor recycling (Hofland and Lamberts, 2003; Koopmans et al., 2009) .
Five different human SStR subtype genes have been cloned and named sst 1 , sst 2 , sst 3 , sst 4 , and sst 5 . Depending on the cell type, the five sst s are coupled to a variety of signal transduction pathways (Hofland and Lamberts, 2003) . One of the most commonly used analogs of SST is octreotide (OC), which consists of eight amino acids and has increased metabolic stability over SST. Although SST has a very short plasma half-life (;3 minutes), which makes it unsuitable for PET tracer development, OC has a longer plasma half-life (1.7 hours) (Lamberts et al., 2002) . All of the OC analogs bind with high affinity to sst 2 and sst 5 and with varying affinity to the sst 3 and sst 4 receptors (Koopmans et al., 2009) .
Overall, SStR PET tracers based on OC analogs were successfully evaluated in the clinic and were able to differentiate tumor physiology as well as detect NET with high accuracy. OC conjugation to chelators, such as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), and TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid) , etc., allows labeling with isotopes such as 68 Ga and 64 Cu for PET imaging (Lamberts et al., 2002) . Several SST/OC analogs have been evaluated in clinical PET imaging studies. One study described a comparison between 68 Ga-DOTA-TOC (PET imaging) and 111 In-DTPA-OC (SPECT imaging)
as agents for detection of NET in 27 patients with histologically proven untreated NETs (Buchmann et al., 2007) . 68 Ga-DOTA-TOC appeared to be superior and imaged more positive lesions than 111 In-DTPA-OC, although the calculated SUV max of 68 Ga-DOTA-TOC in positive lesions had a broad range from 0.9 to 34.4. The researchers concluded that PET imaging with 68 Ga-DOTA-TOC was clinically more relevant,, and in one case of this cohort, the data obtained by 68 Ga-DOTA-TOC imaging were clinically helpful in the decision to change the patient's surgical management (Buchmann et al., 2007) .
Another study that was published recently by Krausz et al. (2012) described the imaging of NETs in the pancreas by SST/OC analog 68 Ga-DOTA-NOC. Ninety-six patients with pathologically proven pancreatic NET (n = 40), nonpancreatic NET, or with biochemical suspicion of NET (n = 63) underwent PET scans with 68 Ga-DOTA-NOC. From a total of 103 68 Ga-DOTA-NOC PET scans of NET, increased tracer uptake was seen in one or more areas of the pancreas in 76 scans, with SUV max ranging from 5.5 to 165. Of the 76 positive pancreatic cancer cases, the tracer was clearly visualized in 35 lesions of pancreatic tumor sites (Krausz et al., 2012) . Among 63 cases without previous known pathology in the pancreas, uptake was significantly higher than the adjacent background activity but no anatomically identifiable tumors were seen by CT. In 38 sites, the accumulation was judged as physiologic, generally lower relative to adjacent structures. In 24 scans with suspected tumor and in 37 of 38 scans with physiologic uptake, diagnostic CT or MRI or endoscopic ultrasonography failed to detect tumor ( Fig. 8) (Krausz et al., 2012) . Haug et al. (2012) reported on the clinical evaluation of another SST analog, 68 Ga-DOTA-octreotate (TATE) in 104 patients with suspected, nonlocalized NET. NET-positive tumors were verified by histology. 68 Ga-DOTA-TATE detected NETs in 29 of the 36 cases and excluded the presence of a NET in 61 of the 68 non-NET patients, indicating a sensitivity of 81% and specificity of 90%. PET/CT gave a false-positive result in seven patients and a false-negative result in another seven patients, indicating positive and negative predictive values of 81 and 90%, respectively, and an accuracy of 87% (Haug et al., 2012) .
To allow a longer imaging time window during the clearance of nonspecific binding, which is expected to allow better tumor-to-background ratio, DOTA-TATE was also labeled with 64 Cu (Pfeifer et al., 2012) . 64 Cu-DOTA-TATE was injected into 14 patients with a history of NET, and the patients were scanned at 1, 3, and 24 hour postinjection. As a comparison, these patients were also injected with the SPECT tracer, 111 In-DTPA-OC. Imaging SStR using 64 Cu-DOTA-TATE gave higher quality and better spatial resolution than 111 In-DTPA-OC, resulting in a higher detection rate ( Fig. 9) (Pfeifer et al., 2012) . 64 Cu-DOTA-TATE showed uptake in additional lesions in 6 of 14 patients, and in 5 patients, the tracer allowed detection of metastatic lesions in organs that were not previously known as metastatic sites (Pfeifer et al., 2012) .
4. Bombesin Receptor. BBNR family consists of four receptor subtypes: neuromedin B receptors (BB 1 ), gastrin releasing peptide receptor (GRPR, BB 2 ) and BBNR BB 3 and BB 4 (Koopmans et al., 2009) . BBNR belongs to GPCR family and undergoes internalization after the receptor-agonist complex has been formed. Bombesin is a 14 amino acid amphibian homolog peptide of the mammalian GRP, a member of the brain-gut peptides, and binds with high affinity to GRPR (Anastasi et al., 1971; Koopmans et al., 2009 ). All BBNR subtypes are overexpressed at different levels by NET; however, to date the majority of PET tracers developed for BBNR imaging in vivo target GRPR (Reubi and Waser, 2003) Several bombesin analogs (agonists and antagonists) for the GRPR have been radiolabeled with various PET isotopes and evaluated in vivo for tumor imaging, most of which focus on AR-independent prostate cancer. This is based on the idea that it might detect neuroendocrine differentiation, characteristic of high grade and high stage tumors, and might improve lymph node staging and recurrence detection (Koopmans et al., 2009; Abiraj et al., 2011; Lears et al., 2011) . Nanda et al. (2012) recently reported on the design, development, 64 Cu labeling, and evaluation of new bombesin antagonist analogs, 64 Cu-(NO2A-X-D-Phe 6 -BBN(6-13)NHEt. These peptides have different linker groups that determine the hydrophobicity that reflects on their pharmacokinetics in vivo. The analogs were first evaluated in normal mice and showed relatively high specific uptake in the pancreas, which normally express GRP cell-surface receptors in mice. Thereafter, the analogs were injected in mice bearing subcutaneous prostatic tumors that express high levels of GRPR. Biodistribution studies showed high uptake and retention in the tumors and rapid urinary excretion to give very high tumor to background ratios. Micro-PET/CT imaging showed clear visualization of tumors 15 hours postinjection, whereas the more hydrophilic peptide had the highest accumulation in GRPR-expressing tumor and the most efficient clearance of radiotracer from whole body via the renal urinary excretion pathway ( Fig. 10) (Nanda et al., 2012) .
Another study evaluated several bombesin antagonists [D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHCH2CH3 (ATBBN) and Gly-Gly-Gly-Arg-Asp-Asn-D-Phe-Gln-TrpAla-Val-Gly-His-Leu-NHCH2CH3 (MATBBN)] and agonists [Gln-Trp-Ala-Val-Gly-His-Leu-MetNH2 (AGBBN) and Gly-Gly-Gly-Arg-Asp-AsnGln-Trp-Ala-Val-Gly-HisLeu-MetNH2 (MAGBBN)] and labeled them with 18 F for testing in prostate cancer tumor-bearing mice (Yang et al., 2011b) . Some of the peptide analogs contained a hydrophilic linker consisting of six amino acids (GlyGly-Gly-Arg-Asp-Asn) with the aim to improve their hydrophilicity and tumor uptake. Indeed, the most lipophilic antagonist had almost no tumor uptake, but rather rapid and prominent activity accumulation in the liver and intestines. Insertion of the hydrophilic linker to agonist and antagonist peptides resulted in high quality images with high tumor-to-background contrast as early as 0.5 hour postinjection (Yang et al., 2011b) . The distinct difference between linker-modified and unmodified tracers signifies the profound impact of lipophilicity on the pharmacokinetics of the tracers. Overall, multiple receptors and proteins were targeted using PET tracers to evaluate proliferation of cancer cells. Most of the tracers were tested in animal models, and some gave promising results. As for many of the reported PET tracers, the transition from bench to bedside seems to be lacking. Four clinical studies of EGFR imaging are ongoing, including the antibody 89 Zr-etuximab, the two TK inhibitors, [ In-ABT-806 (antibody for SPECT). Clinical trials for HER-2 include trastuzumab antibody labeled with PET isotopes 64 Cu, 89 Zr, or SPECT isotope 111 In, and the F(ab9) 2 fragment of trastuzumab labeled with 68 Ga. SStr, on the other hand, has been evaluated in many human clinical trials, all of which were based on OC derivatives labeled with 68 Ga or 111
In. BBNR tracer was only evaluated once using bombesin antagonist BAY86-7548 [DOTA-4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH 2 ] labeled with 68 Ga. In our opinion, with the great number of proliferation tracers available for human studies, more efforts are needed to be directed into human trials rather than further development of more tracers and evaluating them in mouse models.
B. Imaging of Apoptosis Pathways
Apoptosis (programmed cell death) is a form of cell death that is highly conserved throughout evolution and plays an important role in the control of development and tissue homeostasis. Apoptosis is precipitated by sequential activation of cysteine proteases of the caspase family and can be activated by a wide range of stimuli, originating from the outside of the cell (extrinsic) by ligation of transmembrane death receptors, such as tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL), Fas, TNF, DR3-6, and their ligands or cytotoxic agents, or from intracellular signals (intrinsic), such as p53 activation after DNA damage (Adams, 2003; Shi, 2006; Adams and Cory, 2007; Wang and Youle, 2009 ).
In the extrinsic pathway, upon activation of caspase-8 and caspase-10, each receptor can form a deathinducing signaling complex by recruiting the adaptor protein Fas-associated protein with death domain (FADD) and the caspases into multiprotein complexes (Adams and Cory, 2007; Wang and Youle, 2009 ). The intrinsic mitochondrial pathway occurs in response to diverse stresses, including cytokine deprivation and DNA damage; activates caspase-9 on the scaffold protein Apaf-1; and cytochrome c is released from damaged mitochondria (Wang and Youle, 2009) . As a consequence, these initiator caspases cleave and activate effector caspases such as caspase -3, -6, and -7 (Wang and Youle, 2009) .
Caspases are cysteine proteases that are synthesized as inactive proenzymes and become activated upon cleavage (Degterev et al., 2003; Fulda, 2009 ). In caspase-dependent apoptosis, activation of apoptosis pathways eventually leads to the activation of caspases that function as common death effector molecules (Degterev et al., 2003) .
Cancer cells can acquire resistance to signals initiating apoptosis. Such resistance can be achieved by, for example, the blockage of tumor suppressor p53 pathway. p53 is a transcription factor that regulates the expression of several proapoptotic proteins (e.g., Bax, Bak), caspases, death receptors (e.g., Fas), DNA repair proteins, or the cell cycle inhibitor (Essmann and Schulze-Osthoff, 2012) and plays a critical role in response to various cellular stresses by modulating transformation, cell growth, DNA synthesis and repair, differentiation and apoptosis (Zhao et al., 2012) . Under cellular stress, p53 accumulates in the cytosol and leads to direct activation of Bax and/or Bak, which leads to activation of apoptosis (Mihara et al., 2003; Chipuk et al., 2004; Leu et al., 2004) .
Other than blocking of proapoptotic pathways, cancer cells can upregulate antiapoptotic pathways such as the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. This pathway is important for cellular regulation functions such as proliferation, growth, transcription, translation, cell cycle, and apoptosis (Vanhaesebroeck and Alessi, 2000; Cantley, 2002) . PI3K/Akt signaling is found to be disrupted in many human cancers and plays a major role not only in tumor growth but also in the response to anticancer treatment (Vivanco and Sawyers, 2002; Maddika et al., 2007) . Imaging apoptosis can be useful for cancer patients as a method of monitoring the effectiveness of therapies that induce apoptosis.
To date, the most widely used agent to evaluate cell death by PET is 18 F-labeled Annexin V. Annexin V is a 36-kDa human protein with high affinity for cell membrane of apoptotic cells and binds phosphatidylserine (PS). Induction of apoptosis results in externalization of PS from the inner leaflet of the plasma membrane to its outer surface as a marker for phagocytes for clearance of apoptotic cells (Corsten et al., 2006) . A downside of PS imaging is that PS can also bind Annexin V under necrosis because of the disruption in the plasma membrane integrity. Another possible drawback of Annexin V is that tumor cells under stress, for example, chemotherapy, can transiently exhibit PS on their membrane but it does not necessarily show commitment to apoptosis later on (Blankenberg, 2002) .
99m Tc-Annexin V was evaluated in patients with NSCLC and non-Hodgkin's lymphoma in phase II clinical trials and showed higher accumulation of tracer in the lesion postchemotherapy. However, there was very high background and the use of SPECT does not allow for the quantification of the results (Blankenberg, 2008) . Nevertheless, Annexin V and its derivatives have been extensively evaluated in xenograft models when labeled with PET isotopes (Li et al., 2008; Zhang et al., 2009; Bauwens et al., 2011; Cheng et al., 2012; Hu et al., 2012) . The results of one interesting study was recently published by Hu et al. (2012) , describing the ability of [
18 F]Annexin V to visualize and evaluate cell death induced by the chemotherapy drug doxorubicin in a HNSCC tumor xenograft model . Tumor-bearing mice were treated with two doses of doxorubicin (10 mg/kg) at 1-day intervals, and PET imaging studies using [ 18 F]Annexin V were performed at 0 hour, 6 hours, 24 hours, 3 days, and 7 days after treatment started. Two doses of doxorubicin effectively inhibited the growth of tumors by inducing cell death, including apoptosis. The cell death was clearly visualized by [ 18 F]Annexin V using micro-PET as early as at 6 hours after therapy and reached peak uptake at day 3 (1.56 6 0.23%ID/g in a comparison with the PBS-treated group that had tumor uptake of 0.89 6 0.31%ID/g; Fig. 11 ) . These results suggest that cell death induced by doxorubicin treatment occurs shortly after the treatment begins and persists for several days. Tumor growth curves showed no significant change at day 3 after therapy started; however, there was complete eradication of several tumors by day 7. The researchers also used an apoptosis reporter gene (Niu et al., 2013) and bioluminescence imaging and observed strong caspase-3 activity in a doxorubicin-treated group at day 5 after therapy initiation. They hypothesized that the ratio of apoptotic cells among the tumor kept increasing with time within the first several days. At day 7, the treated tumor showed decreased Annexin V uptake, partially because of the removal of the majority of apoptotic and necrotic cells. This may also be explained by the possibility of disruption to tumor vascularization that reduced Annexin V availability .
As can be seen from this and other publications, both chemotherapy and radiation therapy induce apoptosis in tumor cells (Blankenberg, 2002; Hu et al., 2012) . PET imaging, with its ability to provide information on the rate and extent of apoptosis, is of great interest in monitoring the efficacy of anticancer treatment. However, labeled Annexin V is still suboptimal for clinical evaluation because of its high uptake in the abdominal region and the inability to distinguish apoptosis from necrosis. In addition, uptake of radiolabeled Annexin V appears to have modest change in response to therapy, which may be due to nonspecific uptake of protein tracers caused by enhanced permeability of blood vessels (discussed under the angiogenesis chapter) and poor lymphatic drainage of tumors (Cheng et al., 2012) .
Other tracers for imaging apoptosis by PET have been developed and are under evaluation. PET Imaging of Tumor Biology death process without entering viable cells (Aloya et al., 2006) . One requirement for apoptosis tracers is the lack of binding to viable cells and tissues; therefore, in healthy subjects it should have fast distribution and clearance. Indeed, [ 18 F]ML10 showed rapid distribution and fast clearance through the urine (Hoglund et al., 2011) . [
18 F]ML10 was further evaluated in nine human patients for the early detection of response of brain metastases to whole-brain radiation therapy (Allen et al., 2012) . The primary tumors of the patients were small cell lung cancer, uterine sarcoma, melanoma, and breast cancers, and the minimal size of lesions was determined to be $1.5 cm in diameter. (Allen et al., 2012) . The signal-to-background ratio increased over time after injection, reflecting tracer accumulation at its target while being cleared from nontarget organs (Fig. 12) (Allen et al., 2012) . A correlation between [ 18 F]ML10 uptake after treatment and the reduction of tumor size as detected by MRI was found (Allen et al., 2012) .
[ 18 F]ML10 seems to be a promising PET tracer for early apoptosis detection and tumor response to radiotherapy and warrants studies at a larger scale. Nevertheless, it exhibited high accumulation in the kidneys, ovaries, heart wall, liver, and pancreas, which limits detection of apoptosis in tumors within these organs (Hoglund et al., 2011) . The mechanism of tracer uptake by apoptotic cells remains unknown.
Another PET tracer that is under evaluation for apoptosis imaging is a small molecule inhibitor of caspase-3 labeled with F-18, isatin-5-sulfonamide ([ 18 F]ICMT-11) (Nguyen et al., 2009 ). [ 18 F]ICMT-11 was administered into mice bearing murine lymphoma tumors treated with the chemotherapy drug cyclophosphamide (CPA, 100 mg/kg) to induce apoptosis 24 hours prior to imaging. [ 18 F]ICMT-11 uptake in the tumor was increased by 1.5-fold after CPA treatment (Fig. 13) . Histologic analysis of tumor tissues showed that CPA treatment significantly increased apoptosis and active caspase-3 (Nguyen et al., 2009 Tc. We believe that this field has not fulfilled its potential and requires more basic research, which should include the development of tracers with better pharmacokinetics and more accurate reflection of early events during the apoptosis cascase.
C. Imaging Limitless Replicative Potential
Continuous replication of chromosomes in cells is regulated by the length of telomeres. Telomeres have several protecting functions of chromosome DNA ends from degradation and fusion (Deng and Chang, 2007) . The length of the telomeres is regulated by the expression of telomerase, an enzyme that synthesizes telomeric repeats onto chromosomal DNA end and thus compensates for progressive telomere shortening caused by the end-replication problem (Lingner et al., 1995) .
Human telomerase activity is associated with the expression of human telomerase RNA (hTR) and human telomerase reverse transcriptase (hTERT) (Feng et al., 1995; Nakamura et al., 1997) . In contrast to hTR, which is commonly expressed in both nonproliferating cells and cancers, hTERT expression is found solely in proliferating cells, including tumor cells. Telomerase activity is correlated with resistance to induction of apoptosis.
The majority of cancer cells maintain their telomeres mainly by expression of hTERT, yet some cancer cells use indeterminate pathways that allow telomere maintenance in the absence of active telomerase (Nakamura et al., 1997) . Because hTERT expression is found in more than 85% of solid tumors but is undetectable in most normal somatic cells, it has become an attractive target for imaging and therapy (Shay and Bacchetti, 1997; Hiyama and Hiyama, 2003; Wirth et al., 2005; Liu et al., 2007) .
Numerous studies have shown indirect imaging of hTERT in mice using luciferase or green fluorescent protein as reporter genes Xie et al., 2012) . The sole study that was reported for imaging telomerase expression by PET used human sodium iodide symporter (hNIS), a PET reporter gene that was introduced to the tumors by recombinant adenoviruses (Groot-Wassink et al., 2004) . The researchers used promoter fragments from the telomerase genes (hTR or hTERT) to drive the expression of the NIS.
To evaluate the applicability of this method, ovarian carcinoma tumor-bearing mice were injected intratumorally with Ad-hTERT-NIS, Ad-hTR-NIS, or the negative controls Ad-hNIS and Ad-luciferase followed by intravenous injection of Na 124 I, and PET imaging was performed 72 hours later. PET images showed that in all animals receiving injection with a NIS-expressing virus, the tumors had heterogeneity of expression within a tumor (Fig. 14) , perhaps because of uneven virus diffusion from the point of injection. Another possibility suggested by the researchers is that there was heterogeneity of telomerase promoter activity in different parts of the tumor (Groot-Wassink et al., 2004 ).
An attempt to image hTERT mRNA using SPECT was done by 99m Tc-labeled S-acetylmercaptoacetyltriglycine antisense oligonucleotide, Tc-MAG3-ASON (Liu et al., 2007) . As a control, Tc-labeled S-acetylmercaptoacetyltriglycine sense bioprobe, Tc-MAG3-SON, was also tested. The design of antisense oligonucleotides is based on the complementary sequence of the oligonucleotide to the appropriate target mRNA. In the described study, the researchers used 18-mer antisense oligonucleotide; 59-TAGAGACGTGGCTCTTGA-39, which is complementary only to the hTERT mRNA. Primary amine on the terminal 39-phosphate group was conjugated to S-acetyl NHS-MAG3 for 99m Tc labeling (Gauchez et al., 1999 Tc-MAG3-ASON uptake in the tumor increased over time and was higher at all the examined time points than 99m Tc-MAG3-SON, and both bioprobes accumulated similarly in metabolic organs such as kidneys and liver (Fig. 15) .
Another attempt to measure mRNA hTERT levels in tumors in vivo using 99m Tc-radiolabeled duplex siRNA was reported (Kang et al., 2010) . 29-O-methyl modification on the duplex siRNA was used to protect it from harsh physical and chemical conditions and nuclease degradation. Tc-hTERT-siRNA showed significantly higher tumor accumulation in HepG2 xenograft model than a nonspecific probe, Tc-siRNA, indicating specific delivery of 99m Tc-hTERT-siRNA (Kang et al., 2010) . Overall, although imaging using oligonucleotides A direct imaging of telomerase expression in tumors at the protein level is still absent. From a clinical point of view, it would be preferable to image hTERT levels in the tumors noninvasively before treatment and, in the case of high expression of hTERT, to have treatment with antisense oligodeoxyribonucleotides or siRNA molecules.
D. Cell Cycle Imaging
The cell cycle is an ordered set of events that normally leads to replication. Cells are released from the quiescent phase (G 0 ), enter into the first gap G 1 , and prepare for DNA replication in the synthetic phase (S). Thereafter the cells pass through the second gap (G 2 ) followed by the mitosis phase (M). At the end of M phase, the cell splits into its two identical daughter cells, which enter either G 1 or G 0 . The transition from one phase to the other is regulated by proteins responsible for cell cycle, including cyclin-dependent kinases (CDK), cyclins, CDK inhibitors, and CDK substrates.
A mechanism that regulates cell cycle arrest is the transcription factor p53, already mentioned earlier, which is a tumor suppressor that undergoes activation in response to cancer-associated stress signals. In normal cells, p53 level is low and is degraded via the E3 ubiquitin ligase Mdm2. Oncogenic stress induces the expression of Arf, which inhibits Mdm2 and activates p53. Activation of p53 can induce several cellular responses, including cell cycle arrest, senescence, and apoptosis (Polager and Ginsberg, 2009; Larsson, 2011) .
Another transcription factor family that regulates cell fate and cell cycle progression is the E2F family, whose members are downstream of the tumor suppressor protein retinoblastoma (Rb) (Polager and Ginsberg, 2009) . One member of this family is E2F1, which can induce apoptosis by both p53-dependent and p53-independent pathways (Stanelle and Putzer, 2006; Polager and Ginsberg, 2008) .
The CDK inhibitor p21 is responsible for inhibition of cell cycle proliferation, mainly by interfering with cyclin E/Cdk2 activity, and is one of the major transcriptional targets of p53 and may play the role of a tumor suppressor in cancer. Nevertheless, p21 was also shown to act as an oncogene, because it inhibits apoptosis and may promote cell proliferation in various tumors (Gartel, 2009) .
Another pathway involved in cell cycle is transforming growth factor b (TGF-b) signaling. TGF-b has both inhibitory and stimulatory effects on cell proliferation and acts both as a tumor suppressor and oncogene. Under normal conditions, TGF-b promotes cell differentiation and inhibits proliferation. However, during cancer progression, TGF-b secreted from tumor cells often has oncogenic activity while losing its inhibitory function (Siegel and Massague, 2003; Li et al., 2006) . TGF-b growth inhibition pathway is mediated through upregulation of cell cycle inhibitors such as p15 and p21 and through downregulation of cell cycle stimulators such as c-myc Cdk4 and Cdk6 . TGF-b also signals through other pathways such as mitogen activated protein kinase (MAPK) and protein phosphatase 2A.
Increased cell cycle, growth, and metabolism of tumor cells can be a target for many chemotherapeutic drugs and these processes can be measured by PET.
1. Nucleoside Imaging. Shields et al. (1998b) reported on the synthesis of thymidine nucleoside with 11 C as a means to image proliferating cells and its evaluation in lymphoma patients. PET studies using [ 11 C]thymidine clearly visualized the tumors and the uptake was reduced post chemotherapy, demonstrating its potential as a biomarker of tumor proliferation and response to therapy (Shields et al., 1998b) . However, its rapid metabolism along with the short half-life of 11 C (20 minutes) makes it less favorable for clinical practice (Mankoff et al., 1998; Shields et al., 1998b 1232 S-phase in normal cells (Buck et al., 2009; Soloviev et al., 2012) .
To date, [ 18 F]FLT is the most widely used PET nucleoside tracer and has shown very good results in the clinic for the visualization of cancers and monitoring treatments (Kenny et al., 2007; Li et al., 2012b; Inubushi et al., 2013 ). An interesting example of using [ 18 F]FLT was published recently by Leonard et al. (2012) . The researchers evaluated the ability of [ MCL is associated with enhancement of cyclin-D1 expression and cyclin D1-dependent kinase activity to promote cell cycle progression (Leonard et al., 2012) . Unfortunately, it has poor prognosis and requires new treatment strategies. The researchers used a selective CDK4/6 inhibitor PD0332991, which causes cell cycle arrest at G 1 in cancer cell lines by blocking phosphorylation of Rb at CDK4/6-specific sites (Leonard et al., 2012) . The patients were scanned before and after treatment along with lymph node biopsies to assess Rb protein phosphorylation and markers of proliferation and apoptosis. Extensive reduction was observed in tumor-cell proliferation (reduction in [
18 F]FLT uptake) and minor reduction in tumor metabolism ([ 18 F]FDG uptake) within the first 3 weeks of treatment compared with the baseline scans (Fig. 16) . The reduction in proliferation was also demonstrated by decreased number of phosphorylated Rb within the cells and reduced proliferation (evaluated by Ki-67 staining) in the lymph nodes (Leonard et al., 2012) . This work signifies the importance of imaging cell proliferation over metabolism in evaluating tumor potential progression and risks due to the possibility that nonproliferating tumor cells will still exhibit high metabolic state and, hence, high . , an uracil analog, is also phosphorylated by thymidine kinases and incorporated into DNA but not into RNA or protein (Sun et al., 2005a) . In one study, [ 18 F]FMAU was injected into human patients with different types of cancers and had lower normal bone marrow uptake, which enabled visualization of bone metastases; however it also had higher uptake in the liver, kidney, and myocardium in comparison with [ 18 F]FLT (Sun et al., 2005b) . PET imaging with [ 18 F]FMAU seems to be promising, and it would be of interest to use this tracer for assessment of anticancer treatment response in preclinical and clinical studies for bone metastases and diseases not related to liver, kidneys, or myocardium.
2. Androgen Receptor. AR is a member of the steroid/ thyroid hormone receptor superfamily that plays a critical role in the development and maintenance of male secondary sexual phenotypes such as muscle, hair and bone mass, prostate growth, and spermatogenesis (Dalton et al., 1998; Yin et al., 2003) . The AR is a cellular regulatory protein that, upon androgen binding, migrates into the nucleus, binds to specific DNA sequences called androgen response elements, and modulates the transcription of target genes to induce cell proliferation and apoptosis (Heinlein and Chang, 2004) . Two of the natural ligands for AR are testosterone and 5a-dihydrotestosterone (5a-DHT), which are natural steroids and are given as replacement therapy for androgen deficiency (Wu, 1992; Bagatell and Bremner, 1996) .
AR is also believed to be involved in prostate carcinogenesis, and amplification of AR is present in most advanced prostate cancer specimens (Comuzzi et al., 2004; Santos et al., 2004) . Males who are castrated at a young age do not develop prostate cancer, implying that androgens are risk factors for prostate cancer development (Santos et al., 2004) . Approximately 80-90% of prostate cancers are androgen-dependent upon initial diagnosis, and endocrine therapy of prostate cancer is directed toward the reduction of serum androgens and inhibition of AR (Heinlein and Chang, 2004) . On the other hand, some very aggressive forms of prostate cancer lose AR expression and are insensitive to inhibition of the AR (Heinlein and Chang, 2004; Santos et al., 2004) .
Although AR is a specific target for prostate cancer treatment, loss of expression of AR has been observed in several aggressive tumors. Therefore, it is critical to determine its role in individual patients to guide and monitor treatment modalities. DHT was labeled with fluorine-18 to give 16b-[ (Liu et al., 1992 (Larson et al., 2004) . The reason for heterogeneity of tracer uptake in this study is unknown but might be because of the variation in AR expression versus glucose metabolism rate. Such heterogeneity might be indicative of prostate cancer and should PET Imaging of (Scher et al., 2010) . The patients received different doses of an AR antagonist, MDV3100 (Enzalutamide; Medivation, San Francisco, CA), which inhibits AR nuclear translocation and subsequent binding to the response element on the DNA (Larson et al., 2004) . Patients underwent PET scans before and 4 weeks after treatment with MDV3100 was initiated. PET imaging showed a decrease in [ 18 F]FDHT uptake in all patients who received treatment compared with scans done before therapy. An obstacle for interpreting these results and for imaging AR post-MDV3100 treatment is that the antagonist prevents the binding of [
18 F]FDHT to AR. Therefore, in this setting, the best use of [
18 F]FDHT is as a method for evaluating the optimal dose of antiandrogen required for complete blockade of the AR, on a patient-by-patient basis.
Another promising PET tracer reflecting the downstream effects of AR signaling is the monoclonal antibody, J591, that targets the extracellular domain of prostate-specific membrane antigen (PSMA) (Mease et al., 2008; Holland et al., 2010) . PSMA is a transmembrane glycoprotein mainly expressed on benign and malignant prostatic epithelial cells, and its expression level was found to correlate with tumor aggression, metastatic spread, and the development of castration resistance or resistance to hormone-based therapies (Morris et al., 2005) . J591 was previously evaluated in a clinical trial as a therapy for localized metastatic prostate cancer and induced antibodydependent cellular cytotoxicity and reduced PSA levels (Morris et al., 2007) . 111 In-DOTA-J591 has been tested in castrated patients with progressive metastatic prostate cancer who received J591 as therapy (Morris (Morris et al., 2007) . Holland et al. (2010) reported on the labeling and evaluation of J591 with 89 Zr using the chelator desferrioxamine B (DFO) and evaluated the labeled antibody 89 Zr-DFO-591 in mice bearing PSMA-positive and PSMA-negative tumors. 89 Zr-DFO-591 had higher and more specific uptake in PSMA-positive tumors than that in PSMA-negative tumors (Fig. 17) . 89 Zr-DFO-J591 is currently under clinical study for the detection of PSMA-positive lesions in castration-resistant prostate cancer patients. Preliminary results showed that the tracer accumulates in primary tumors and metastatic lesions (Deri et al., 2013) .
As described above, a number of PET tracers are available to image the cell cycle, with the lead compound being [ 18 F]FLT, which is being evaluated in many clinical trials around the world. The tracer seems to be close to getting approval for clinical use by the FDA. It is unclear whether there is a place for more tracers designed based on nucleosides. Other tracers for the cell cycle, which are being evaluated in clinical trials, are more specific and tumor-type directed. These include [
18 F]FDHT (for AR imaging) and two PSMA tracers 89 Zr-DFO-J591 (antibody) and [
18 F]DCFBC (small molecule inhibitor). Obviously, tracers imaging proliferation, which were discussed above, can also fit into the definition of cell cycle tracers. We believe that imaging the cell cycle will be a corner stone in tumor imaging in the future and should be used for drug development as well as for guiding specific therapies.
3. Sigma-2 Receptor Imaging. Sigma receptors were identified initially as a subclass of opioid receptors, but because of their different neuropharmacological properties and because they are expressed throughout the mammalian body, they were classified as unique family of receptors that include s-1 and s-2 (Hornick et al., 2012) . Part of the s-2 receptor complex includes human progesterone receptor membranebinding component 1, which was used for development of compounds that bind s-2. Expression of s-2 receptor is highly upregulated by dividing cells including cancer cells, and the expression is downregulated upon quiescence. In some tissues, the s-2 can serve as a therapeutic target, because its human progesterone receptor membrane binding component 1 part binds to PET Imaging of Tumor Biology cytochrome P450 and reduces its drug metabolism activity. Several cancers, including pancreatic cancer, are sensitive to s-2 agonists, which inhibit proliferation and induce apoptosis by various mechanisms with little effect on normal tissues (Bem et al., 1991; Vilner et al., 1995) . A possible mechanism for the action of s-2 agonists is by eliminating P-glycoprotein-mediated drug resistance and at subtoxic doses (van Waarde et al., 2010) . A large number of radiolabeled s-2 ligands have been prepared for PET imaging (Abate et al., 2011; Dehdashti et al., 2013) . Dehdashti et al. (2013) recently reported on the first study in humans using a small s-2 ligand, [
18 F]ISO-1. In this study, [ 18 F]ISO-1 PET imaging was performed in 30 patients with primary breast cancer, lymphoma, or head and neck cancer. Tumor SUV max and tumor-tomuscle ratio were positively correlated with immunohistochemical staining of the proliferation marker Ki-67 (Dehdashti et al., 2013 ). It appears that [
18 F] ISO-1 is a promising tracer that warrants further tests in bigger cohorts of patients as a potential imaging marker to replace biopsies for assessing tumor cell proliferation and monitoring response to chemotherapies that target cycling cells (Dehdashti et al., 2013 ).
E. Metabolism Imaging
Tumor growth requires high amount of energy for cellular processes such as cell cycle, growth, and proliferation, and the source of the energy comes from high metabolic rate. Metabolic imaging of tumor can be complicated with background from kidneys, liver, and bone marrow because of high metabolic rates in these organs. In addition, heterogeneous metabolic states during tumorigenesis can cause low tracer uptake or difficulties to decipher imaging with unclear margins and metastases.
To date, the use of PET for diagnosing local recurrence and metastatic sites of various cancers is mainly based on [ (Saleem et al., 2006) . In contrast to glucose, FDG-6-phosphate cannot be further metabolized, thus it is accumulated in cells and can be visualized by PET.
However, the use of [ 18 F]FDG is suboptimal because it is cancer-specific. It also accumulates in normal tissues such as brain and bladder and in inflammatory lesions. Hence, there is an increasing need for more specific and selective biologic radiotracers, which will yield specific biochemical information and allow for noninvasive molecular imaging. Several PET tracers other than FDG have been used in the clinic for metabolism measurement.
1. Lipid Synthesis Imaging a. [ 11 C] and [ 18 F]choline. Choline is one of the components of phosphatidylcholine, which is a major component in the cell membrane. Accumulation of phosphatidylcholine during membrane biosynthesis occurs during the S phase, and the absence of choline results in cell arrest during G 1 phase (Jackowski, 1994) . Choline labeled with 11 C or 18 F is incorporated into the cells, undergoes phosphorylation, and is then integrated into phospholipids (Jadvar, 2012; Picchio and Castellucci, 2012; Schwarzenbock et al., 2012) . Thus, accumulation of radiolabeled choline in tumors is indicative of membrane lipid synthesis and proliferation activity of cells (Shiue and Welch, 2004 (Tan et al., 2011) , and lung cancer and its metastases (Hara et al., 2000 (Yoshimoto et al., 2001; Yun et al., 2009 Yu et al., 2011) . It is not clear whether in tumors [ 11 C]acetate is also metabolized to 11 CO 2 as seen in myocardium. In fact, a study done by Yoshimoto et al. (2001) suggests that in vitro, the acetate labeled with 14 C is incorporated into the lipid soluble fraction of the cells, mainly into phosphatidylcholine and neutral lipids. The difference between acetate metabolism by myocardium and tumor cells can be attributable to the high lipid synthesis and proliferation observed in tumor cells, which is absent in the myocardium (Yoshimoto et al., 2001) . These results were also confirmed in prostate tumor models in mice using an inhibitor of fatty acid synthesis (V avere et al., 2008) .
2. Amino Acid Imaging. During the enhanced metabolic state and protein synthesis characteristic of tumors, the need for amino acids for protein synthesis is elevated, and their increased uptake by cells is believed to be via several different transport systems (Hyde et al., 2003) . The expression of these transporters was found to be enhanced in cancer development (la Fougère et al., 2011) . One of the limiting factors of amino acid imaging is that amino acid transporters, which are upregulated on tumor cell membranes, are independent of tumor growth and are more indicative of metabolism (la Fougère et al., 2011) .
Several amino acids were labeled with 11 C and
18
F and evaluated as PET-imaging agents, such as [
F]a-methyl-tyrosine, and a few other derivatives (Laverman et al., 2002) .
Weber et al. (2000) F]a-methyl-tyrosine may also be used to monitor anti-VEGF therapy and for assessing metastatic potential and prognosis in patients with NSCLC (Kaira et al., 2009) .
Another amino acid analog that was evaluated in human patients is anti-1-amino-3-[ (Schuster et al., 2007) . It was proposed that the uptake of anti-[ 18 F]FACBC is mediated via the sodium-independent L large-neutral amino acid transport system. Fifteen patients with a recent diagnosis of prostate carcinoma (n = 9) or suspected recurrence (n = 6) underwent PET scans with anti-[ 18 F]FACBC (Schuster et al., 2007 (Heiss et al., 1996; Jora et al., 2011; Lopci et al., 2012) . 6-[
18 F]fluoro-L-tyrosine has a simpler metabolism and was developed to improve the quantification of the dopamine system (Shiue and Welch, 2004) .
F. Tumor Microenvironment Imaging
Angiogenesis is defined as the formation and sprouting of new blood vessels from pre-existing ones. This process is a crucial for tumor growth and metastasis. To induce angiogenesis, angiogenic factors are released by the tumor or cells in its microenvironment to activate endothelial cells in established blood vessels and induce endothelial proliferation and migration (Backer and Backer, 2012) . Angiogenic factors consist of a diverse array of molecules that regulate the maintenance and destruction of both extracellular matrix and perivascular cells as well as those that stimulate endothelial cell division and migration. The main condition that induces angiogenesis is hypoxia, a reduction of oxygen levels. Oxygen diffusion in the tissue is only 1 mm diameter, therefore, when the size of tumor is larger than 2 mm, the cells in the center of the tumor are under a hypoxic microenvironment. Hypoxia induces profound changes in the gene expression profile of tumor cells that initiates tumor angiogenesis and vasculogenesis (Otrock et al., 2009; Miles et al., 2011; Shang et al., 2012) . However, the new vasculature within the tumor is disorganized, with distinct morphologic and molecular characteristics that are different from normal blood vessels. Tumor vasculature consists of irregular branches with arteriovenous shunts and lacks pericytes that normally cover the vessels and maintain vascular integrity. Hence, tumor vessels are highly permeable to plasma and plasma proteins, and tumor microenvironment often shows local edema, bleeding, and insufficient clearance of CO 2 and metabolites, leading to an acidic microenvironment. These conditions also contribute to overexpression of genes regulating angiogenesis, tumor growth, and metastasis (Otrock et al., 2009; Miles et al., 2011; Shang et al., 2012) . Importantly, high permeability of tumor vessels and relatively high blood volume flow in the tumor can contribute to nonspecific tracer accumulation in the tumor (Goel et al., 2011) .
1. Hypoxia Imaging. Hypoxia induced factor 1 (HIF-1) is a heterodimer composed of HIF-1a and HIF-1b subunits. At normal oxygen levels, HIF-1a subunits are hydroxylated at conserved proline residues. This directs its recognition by the tumor suppressor Von Hippel-Lindau protein, which leads to ubiquitination and proteasomal degradation (Greer et al., 2012; Semenza, 2012) . Under hypoxic conditions, Von Hippel-Lindau does not tag HIF for degradation. HIF-1a and HIF-1b form a dimer and translocate into the nucleus, where this dimer functions as a transcription factor encoding the transcription of many proangiogenic genes including VEGF gene. VEGF is a secreted protein that stimulates angiogenesis and thereby increases O 2 delivery (Bader and Hsu, 2012; Semenza, 2012) . In addition, activation of HIF-1 was found to upregulate CXC chemokine receptor 4 (CXCR4) and its ligand stromal cell-derived factor (CXCL12), which were both shown to be involved in tumor progression and metastasis (Staller et al., 2003; Bader and Hsu, 2012) . Hypoxia imaging enables evaluation of treatment response for different therapies that induce hypoxia and can help guide appropriate dosage of treatment .
A widely used PET agent for imaging hypoxia in tumor is [ Once it enters the cell, the nitro group is reduced by nitro-reductase enzymes, resulting in radical anion (Lee and Scott, 2007) . If the oxygen pressure inside the cells is high, as within normal cells, this radical anion will be reoxidized and converted back to the nitro group, and [ 18 F]FMISO will be diffused out of the cell. In case of low oxygen levels, as typical to cells under hypoxic stress, [ 18 F]FMISO cannot be reoxidized, and its metabolites accumulate inside the cell (Lee and Scott, 2007) . [ 18 F]FMISO has been studied in a number of clinical trials in patients with various types of cancer (Rasey et al., 1996; Thorwarth et al., 2006; Zimny et al., 2006; Lee and Scott, 2007) . Overall, [
18 F]FMISO has a relatively low uptake in hypoxic tissue and slow clearance from nonhypoxic tissues, which result in low tumor-tobackground contrast (Rajendran and Krohn, 2005) .
Another derivative based on 2-nitroimidazole pharmacophore is 3- F]HX4 had a fast clearance from normal tissue, and it was predominantly cleared through kidneys and gallbladder, implying that it could be potentially useful for gastrointestinal tract tumor imaging ).
An additional 2-nitroimadazole derivative that was evaluated in animal models and recently in patients is [ . [ 18 F]EF-5 contains five fluorine atoms and is a very lipophilic molecule in comparison with other nitroimidazole derivatives (Koch et al., 2010; Lin et al., 2012) . In a research reported by Koch et al. (2010) , three patients with gliobastoma were assessed by [ 18 F]EF-5 PET. Binding was also measured ex vivo on tumor biopsies by immunohistochemistry using fluorescent anti-EF-5 monoclonal antibody (Koch et al., 2010) . [ 18 F]EF-5 uptake could recognize regions with high EF-5 binding; however, no independent assessment of hypoxia in these patients was done. Because of to its high lipophilicity, [
18 F]EF-5 displayed high uptake in the gallbladder, liver, and intestine (Koch et al., 2010; Lin et al., 2012 ).
An additional 2-nitroimidazole nucleoside analog is [ . In addition, it is more hydrophilic, hence it has more rapid diffusion through tissue and faster renal excretion. [ 18 F]FAZA was evaluated in several human cancer patients Schuetz et al., 2010; Havelund et al., 2013) . Havelund et al. (2013) F]FAZA uptake was significantly higher in rectal tumors than in normal tissues such as muscle and intestine walls. Unfortunately, there was extremely high accumulation in the bladder, with spillover to the surrounding tissues, including the area of the tumor (Havelund et al., 2013) .
Diacetyl-bis(N 4 -methylthiosemicarbazone) (ATSM) was labeled with the short half-lived PET isotope 62 Cu (t 1/2 = 9.7 minutes). 62 Cu-ATSM was evaluated in 22 glioma patients at different stages (Tateishi et al., 2013) . 62 Cu-ATSM uptake in the tumors was qualitatively evaluated and compared with MR imaging and HIF-1 expression levels (Tateishi et al., 2013) . Higher 62 Cu-ATSM uptake and higher tumor-to-blood ratios were found in grade IV than those in grade III gliomas, whereas no significant difference was found between grade III and grade II gliomas (Tateishi et al., 2013) . In addition, 62 Cu-ATSM uptake was predictive of HIF-1a expression levels in the tumors. ATSM can also be labeled with the longer half-lived PET isotope, 64 Cu (t 1/2 = 12.7 hour). Lewis et al. (2008) reported on the clinical evaluation of 64 Cu-ATSM in 10 patients with uterine cervix carcinoma and compared it with 60 Cu-ATSM. 60 Cu is another PET isotope that has a half-life of 0.395 hour. The image quality with 64 Cu-ATSM was much better than 60 Cu-ATSM (Fig. 19) , probably attributable to the fact that the positron range of 60 Cu is approximately five times greater than 64 Cu. Nevertheless, both 60 Cu-ATSM and 64 Cu-ATSM clearly visualized the tumors and tumor-to-muscle ratios for both tracers were similar and both tracers had prominent accumulation in the hypoxic tissues . 64 Cu-ATSM was also evaluated in tumor xenograft models (Hansen et al., 2012; McCall et al., 2012; Yuan et al., 2006) . Overall, 64 Cu-ATSM appears to be good choice for hypoxia imaging in terms of 1) ease of synthesis (compared with 18 F labeling, which is more complicated) and 2) fast clearance rate from normoxic tissue allowing a short interval between injection and imaging. However, retention of 64 Cu-ATSM in well-perfused areas was also found, indicating that tissue uptake is not related only to hypoxia (Yuan et al., 2006) .
2. Vascular Endothelial Growth Factor/Vascular Endothelial Growth Factor Receptor Imaging. The VEGF gene family in mammals consists of five VEGF glycoproteins (VEGF-A, -B, -C, -D, and -E) and placental growth factor (Ichihara et al., 2011; Sakurai and Kudo, 2011) . The five growth factors bind to three RTKs, denoted as VEGFR-1, -2, and -3. VEGF-A is considered a key angiogenic factor and has been the most characterized one among the VEGF family. Although it has one order of magnitude higher affinity to VEGFR-1 than to VEGFR-2, VEGFR-A signaling is mainly interceded by VEGFR-2, probably because of its higher kinase activity than that of VEGFR-1. Under hypoxic conditions, the expression levels of VEGF-A and its receptors VEGFR-1 and -2 are dramatically upregulated (Olsson et al., 2006) . Several PET imaging tracers, including small molecules, proteins, and antibodies have been developed and evaluated for their ability to measure VEGF/VEGFR expression in tumors.
In several preclinical studies, bevacizumab, a monoclonal antibody that inhibits VEGF-A, was conjugated to different chelators and was labeled with different PET isotopes such as 64 Cu, 86 Y, and 89 Zr Nayak et al., 2011; Paudyal et al., 2011) . Labeled bevacizumab had accumulation in VEGFpositive tumors corroborating with VEGF levels. Nagengast et al. (2010) reported on the usage of 89 Zr-bevacizumab as a PET imaging biomarker for the detection of early antiangiogenic therapeutic effect of the Hsp90 inhibitor NVPAUY922 [5- (2,4-dihydroxy-5-isopropyl-phenyl)-N-ethyl-4-[4-(morpholinomethyl) phenyl]isoxazole-3-carboxamide] in two ovarian carcinoma xenograft models derived from A2780 and CP70 cell lines. Tumor-bearing mice were injected intraperitoneally with NVPAUY922 (50 mg/kg) twice a week for 2 weeks. 89 Zr-bevacizumab allowed in vivo visualization and quantification of early antiangiogenic response to treatment with Hsp90 inhibition (Fig.  20) . Several clinical trials using 89 Zr-bevacizumab are currently ongoing in patients with various cancer types. Wang et al. (2007a) described the 64 Cu-labeling and evaluation of two VEGFR-2 ligands: wild-type VEGF 121 and its mutant VEGF DEE . VEGF 121 is the shortest VEGF-A isoform that exists in nature. The VEGFR-2 ligands were with 64 Cu using DOTA chelator (Wang et al., 2007a) . VEGF DEE had 20-fold lower binding affinity to VEGFR-1 and slightly lower affinities to VEGFR-2 than VEGF 121 . Both 64 Cu-DOTA-VEGF 121 and 64 Cu-DOTA-VEGF DEE had rapid and specific uptake in VEGFR-2-expressing tumors (3 6 0.4 and 4.6 6 1.4%ID/g at 1 hour postinjection, respectively). They also had high uptake in the liver (.10%ID/g at all the time points examined). It is interesting that renal uptake of 64 Cu-DOTA-VEGF DEE was significantly lower than that of 64 Cu-DOTA-VEGF 121 because kidneys express high levels of VEGFR-1 (Wang et al., 2007a) . The researchers concluded that 64 Cu-DOTA-VEGF DEE is a better candidate for VEGFR-2 and angiogenesis imaging in the clinic because of the high renal uptake of 64 Cu-DOTA-VEGF 121 .
Recently, the same group described the site-specific labeling of single-chain scVEGF protein containing an N-terminal Cys-tag with [
18 F]FBEM, without affecting its binding affinity. [
18 F]FBEM-scVEGF was evaluated in several xenograft models . [ 18 F]FBEM-scVEGF had relatively low uptake in VEGFR-2-positive tumors (1.38 6 0.38%ID/g at 2 hours postinjection; Fig. 21 ) compared with other labeled VEGF derivatives. Nevertheless, its tumor-to-background ratio increased over time (1.06 6 0.14 at 0.5 hour to 1.74 6 0.29 at 2.0 hours postinjection). [ 18 F]FBEM-Sc-VEGF also had uptake in the gallbladder, which was explained by its instability in vivo. The researchers suggested that the hydrophobic group in the tracer was chopped off and accumulated in the gallbladder .
3. Metalloproteinase Imaging. Human matrix metalloproteinases (MMP) family consists of at least 23 distinct structurally related, zinc-dependent endopeptidases. Normally, MMPs are expressed only when and where they are needed for tissue remodeling that accompanies various processes. However, MMPs were found to play crucial roles in tumor invasion and metastasis. They regulate signaling pathways that control cell growth, survival, invasion, inflammation, and angiogenesis, hence providing a favorable microenvironment for the tumor (Rundhaug, 2003; Sakurai and Kudo, 2011; Bauvois, 2012) . MMPs selectively degrade various components of the extracellular matrix (ECM). In that process, proangiogenic growth factors and cytokines that reside in the ECM are released. Moreover, for some growth factors and cytokines secreted as an inactive form, such as pro-IL-1b, cleavage by MMPs renders them active (Rundhaug, 2003; Sakurai and Kudo, 2011; Bauvois, 2012) . Upregulation of MMPs (e.g., MMP-2 and MMP-9) in several human cancers was found to be correlated with invasiveness, metastasis, and poor prognosis (Coussens et al., 2002; Egeblad and Werb, 2002; Turpeenniemi-Hujanen, 2005; Yu and Han, 2006; Hua et al., 2011) . Ujula et al. (2010) reported on the evaluation of MMP-9 ligand, tumor cell targeting peptide (TCTP-1), and its two derivatives, lactam-TCTP-1 and linear-TCTP-1. The peptides were conjugated to DOTA, labeled with 68 Ga, and injected into a rat melanoma model. Among the three peptides, 68 Ga-DOTA-TCTP-1 had the highest uptake in MMP-9-positive tumors with 0.2%ID/g. 68 Ga-DOTA-lactam-TCTP-1 also visualized the tumors and had a better clearance profile from the tumor than 68 Ga-DOTA-TCTP-1. 68 Ga-DOTA-linear-TCTP-1 distribution was less favorable, with high uptake in the liver and heart. All three peptides had high uptake in the kidneys and urinary bladder. 68 Ga-DOTA-TCTP-1 and 68 Ga-DOTA-lactam-TCTP-1 also exhibited uptake in the liver and heart, but less intense than 68 Ga-DOTA-linear-TCTP-1 (Ujula et al., 2010) . MMP-9 expression in the tumors was verified by immunohistochemistry and zymography measurements (Ujula et al., 2010) . However, no in vivo specificity of these peptides was examined. Other tracers, small molecules, or peptides against MMPs have been developed. Some of them were labeled with PET isotopes for their biodistribution evaluation and for detection of MMP-expressing tumors. However, most of them have low uptake in the tumor and very high uptake in the liver, gatrointestinal tract, kidneys, and lungs (Furumoto et al., 2003; Zheng et al., 2003 Zheng et al., , 2004 Sprague et al., 2006 ; auf dem Keller et al., 2010; Ujula et al., 2010) . Improved and specific tracers need to be developed and evaluated.
Unlike nuclear medicine imaging, optical imaging with activatable probes might prove to be a better approach for MMP imaging, because these probes will also give information on the activity of the MMPs (Yhee et al., 2012) . Such research was reported, for example, by Zhu et al. (2011) , who conjugated a substrate of MMP-14 to a near-infrared fluorochrome and to a quencher, and once the probe is cleaved, the fluorochrome can be visualized.
4. Imaging of Integrin a v b 3 . One promising approach of angiogenesis imaging is the detection of integrin a v b 3 . Integrins are a family of heterodimeric transmembrane glycoproteins that play an essential role in the regulation of cellular adhesion, migration, proliferation, survival, signal transduction, and differentiation (Chen et al., 2004a,b) . One member of this receptor class is the dimeric transmembrane integrin, a v b 3 , which is expressed at low levels on epithelial cells and mature endothelial cells. Upon activation of endothelial cells, a v b 3 is upregulated on the cell membrane. In addition, several tumors including osteosarcomas, neuroblastomas, glioblastomas, melanomas, lung carcinomas, and breast cancers were shown to express this integrin (Felding-Habermann et al., 1992; Bello et al., 2001; Robinson et al., 2004; Zhang et al., 2006) . Hence, integrin a v b 3 can be targeted for imaging tumor growth, invasion, and metastasis and for the treatment of the rapidly growing and metastatic tumors (Chen, 2006; Liu, 2006; Cai et al., 2008a) . Integrin a v b 3 interacts with extracellular matrix proteins (e.g., vitronectin, tenascin, fibronectin, and collagen) through their exposed arginine-glycine-aspartic (RGD) amino acid moieties and regulates the migration of endothelial cells through the extracellular matrix during vessel formation (Brooks et al., 1994a,b; Bogler and Mikkelsen, 2003; Hwang and Varner, 2004) . For radionuclide imaging of integrin a v b 3 expression in vivo, tumortargeting efficiency and in vivo kinetic profiles are highly related to the receptor-binding affinity and specificity, hydrophilicity, molecular size, and overall molecular charge of the resulting radiotracers (Zhang et al., 2006) .
It has been shown that cyclization of RGD peptides via linkers, such as S-S disulfide, thioether, and rigid aromatic rings, often leads to increased receptor binding affinity and selectivity. A number of cyclic RGD peptides have been investigated as PET imaging tracers for monitoring integrin a v b 3 expression level in tumors in both clinical and preclinical studies. In addition, dimeric RGD peptides possess better tumor uptake and tumor-to-background contrast than the monomeric analogs. This may be explained by the bivalent binding of the dimer to integrins on the cell surface, which significantly reduces the dissociation of the tracer from its target (Shi et al., 2009) . Moreover, addition of PEG groups to the dimeric RGD improves the imaging figure of merit, probably attributable to the longer spacer connecting the two RGD moieties that confers less limitation on the distance between integrins on the cell surface (Shi et al., 2009) .
To avoid the hepatobiliary excretion of the labeled RGD peptides, which leads to high nonspecific uptake in the liver and gastrointestinal tract along with low image quality, chemical modifications can be done, such as pegylation, glycosylation, and introduction of more hydrophilic amino acid (for example, substitution of phenylalanine with tyrosine). These modifications lead to renal excretion of the labeled RGD peptides and fast clearance from nonspecific tissue (Gaertner et al., 2012) .
One of the most studied RGD-derived PET tracers in human patients is [
18 F]galacto-RGD (Beer et al., , 2007 (Beer et al., , 2011 Haubner et al., 2005; Schnell et al., 2009) . 18 F]Galacto-RGD was tested in a large number of patients and was successful in detecting a v b 3 expressing tumors (SUV mean in tumors ranged from 1.2 to 9.0) and had high tumor-to-background contrast (Fig. 22) . The tumor expression levels of a v b 3 were also confirmed by immunohistochemistry and were in correlation with [ F]Galacto-RGD had rapid clearance from the blood and some uptake in the liver and spleen (Beer et al., , 2007 Haubner et al., 2005; Schnell et al., 2009) . The main drawback of this tracer is its complex radiosynthesis, which involves multiple synthetic steps that would complicate routine production. In addition, reducing the liver uptake of these RGD-based imaging agents would be beneficial for imaging tumor or metastases in this organ.
Another c(RGDfk) monomer derivative that was evaluated as a PET tracer for a v b 3 expression is [ 18 F]RGD-K5. This derivative contains a highly polar 1,2,3-antitriazole moiety that increases the tracer's excretion via the kidneys into the bladder, thus circumventing unwanted liver uptake (Doss et al., 2012) . [ 18 F]RGD-K5 was found to be stable in human blood and cleared rapidly from the blood pool. High uptake of [ 18 F]RGD-K5 was observed in the kidneys, bladder, liver, intestine, and gallbladder in healthy volunteers, indicating that the peptide modification did not achieve its goal (Doss et al., 2012 (Kenny et al., 2008) . Cell studies showed that [ 18 F]fluciclatide was not selective to a v b 3 and had 100-fold higher affinity to integrin a v b 5 . Nevertheless, [
18 F]fluciclatide biodistribution was assessed in seven human patients with 18 tumor lesions of metastatic breast cancer by PET (Kenny et al., 2008) . [ 18 F]Fluciclatide accumulated in all tumors and exhibited two forms of intratumor distribution: homogeneous or only at the tumor rim. Peripheral accumulation could be caused by the necrotic area in the center of the tumor, an issue that should be empirically tested (Kenny et al., 2008) . Increased uptake compared with background was demonstrated in metastases in lung, pleura, bone, lymph node, and primary tumor (Fig. 23 ) (Kenny et al., 2008) . It also had uptake in the liver; therefore, liver metastases cannot be distinguished from liver tissue uptake.
Another specific RGD peptide that is under clinical evaluation is [ (Mittra et al., 2011) . evaluate its biodistribution and the radiation dose (Mittra et al., 2011 (Mittra et al., 2011) . Similar to [
18 F] galacto-RGD, the radiosynthesis of [
18 F]FPPRGD 2 includes several radioactive steps and results in low yields, which might be an issue for large-scale imaging studies and clinical usage (Chin et al., 2012 (Wan et al., 2013) .
A thorough study in the evaluation of angiogenesis therapy by PET was done in mice bearing orthotopic breast tumors (Yang et al., 2011a (Yang et al., 2011a) . Tumorbearing mice were divided into two groups: a control group and a treated group that received two doses of VEGF 121 /rGel (12 mg/kg i.p.). Treatment resulted in an initial delay of tumor growth and a significant difference in tumor volume was observed at day 7 between the treated and the control groups (Yang et al., 2011a (Yang et al., 2011a) . This research demonstrates the feasibility of using several PET imaging tracers to monitor early tumor responses. This kind of study should accelerate anticancer drug development and promote the clinical translation of molecular imaging.
5. CD105 (Endoglin) Imaging. TGF-b, under some circumstances, requires accessory receptors to modulate its signaling pathway. One such accessory receptor is the endoglin (CD105) that can interact with both type I and type II TGF-b receptors. The critical role of CD105 in healthy formation of blood vessel endothelium is evident from hereditary hemorrhagic telangiectasia, a disease characterized by vascular malformations and is caused by loss-of-function mutations in the human CD105 gene ENG.
In several cancers, CD105 was shown to be upregulated on vascular endothelium of tumors and is involved in cell proliferation, migration, and capillary tube formation and plays a proangiogenic role, although it is expressed at low levels on resting cells (Li et al., 1999; Perez-Gomez et al., 2010) . These findings suggested that CD105 might serve as a marker for tumor-related angiogenesis and microvessel density (MVD). MVD assessment contributes to disease prognosis of cancer patients, and high MVD is usually a bad prognosis. Immunohistochemistry staining of antibodies against CD105 is currently being used for MVD measurements (Zhang et al., 2013b) .
It is important to note that targeting CD105 for imaging had two potential disadvantages: 1) it is downregulated in some cancers, such as esophageal squamous cell carcinomas, and 2) the extracellular fraction of CD105 can be cleaved, creating a soluble form of CD105 that can limit the application of CD105 as an imaging agent (Perez-Gomez et al., 2010) .
No clinical trials were done with PET imaging of CD105 thus far, but an anti-CD105 antibody was investigated as a therapy. TRC105 is a chimeric IgG1 monoclonal antibody that binds CD105 and is being evaluated in patients with advanced refractory solid tumors (Rosen et al., 2012) .
TRC105 was labeled with 64 Cu and 89 Zr and tested in several subcutaneous tumor models . In addition, an engineered fragment of the antibody, TRC105-Fab was labeled with 64 Cu and 61 Cu (Zhang et al., 2013b) . 64 Cu/ 61 Cu-TRC105-F(ab9) 2 was compared with the labeled parent antibody in murine breast cancer model (Zhang et al., 2013b) . 64 Cu/ 61 Cu-TRC105-F(ab9) 2 gave higher tumor-to-blood ratios at early time points (up to 24 hours) in comparison to TRC105, as expected. 64 Cu/ 61 Cu-TRC105-F (ab9) 2 , however, had a significantly lower uptake than the full antibody at the 48-hour time point (Zhang et al., 2013b) . PET Imaging of Tumor Biology 6. Mesenchymal-Epithelial Transition Factor Imaging. c-MET is a transmembrane tyrosine kinase receptor that, with its ligand hepatocyte growth factor (HGF), were implicated in multiple cancer processes, including invasion, angiogenesis, and metastasis in a wide variety of neoplastic cells (Martinez-Rumayor et al., 2004) . Overexpression of c-MET can be induced by, but not limited to, gene amplification. In some cancers such as breast, ovarian, cervical, gastric, head and neck, and non-small-cell lung cancers, high levels of HGF and/or c-MET were found to be correlated with poor prognosis. Overexpression of c-MET protein confers resistance to EGFR inhibitors, both in preclinical models and in patients (Blumenschein et al., 2012) .
c-MET RTK subfamily is structurally distinct from most RTK subfamilies. c-MET is initially expressed as a precursor that undergoes proteolytic cleavage to form the heterodimeric c-MET receptor. Upon ligand binding, the receptor undergoes phosphorylation of the intracellular domain and initiates downstream signaling, mainly through PI3K/Akt, MAPK, and signal transducers and activators of transcription pathways (Bhardwaj et al., 2013) .
c-MET was identified as a potential target for cancer treatment, and numerous inhibitors of the HGF/c-Met axis are currently available. These agents include both small-molecule inhibitors and monoclonal antibodies and are being tested in a variety of solid tumors (Bhardwaj et al., 2013) .
Onartuzumab (MetMAb; Genentech, South San Francisco, CA) is a c-Met inhibitor in the form of humanized 1-armed monoclonal antibody possessing nanomolar affinity for Met, shown to have anti-tumor growth effects in mouse models by inhibiting proliferation and angiogenesis and inducing apoptosis (Jin et al., 2008) . A study in non-small cell lung cancer patients whose tumor was positive for c-Met showed that onartuzumab can prolong survival (Surati et al., 2011 ). Jagoda et al. (2012 Zr and evaluated the ability to image c-Met-expressing tumors in mouse xenografts models. There was significant correlation between Br-onartuzumab tumor uptake and tumor c-Met expression levels. In addition, higher tumor uptake was achieved using 89 Br-onartuzumab at later time points and had higher tumor-to-muscle ratios, suggesting that 89 Zr-onartuzumab would be better suited to image c-Met for diagnostic and prognostic purposes (Jagoda et al., 2012) .
Another anti-c-Met monoclonal antibody, DN30, was labeled with 89 Zr and tested in mouse xenografts in vivo (Perk et al., 2008) . The researchers used two human cell lines expressing different levels of c-MET, the gastric cancer line GLT-16 with high expression and the head and neck cancer line FaDu with low expression (Perk et al., 2008) . 89 Zr-DN30 uptake in GTL-16 tumors was significantly higher than that in FaDu tumors (18.1 6 4.5 and 7.8 6 1.2%ID/g, respectively, at 72 hours postinjection).
An interesting assessment of HGF expression level in mice bearing glioblastoma xenografts was recently done with anti-HGF 89 Zr-nanobodies . 89 Zr-nanobodies visualized the tumors with 7.2-8.9%ID/g and had very high uptake in the kidneys. These nanobodies were also shown to be efficient theranostic substances. Treatment with these nanobodies reduced tumor growth and at a high dose eliminated the tumor in some of the mice.
The important role of c-MET in the tumor microenvironment encouraged more imaging studies aiming at the receptor using SPECT isotopes and bioluminescence (Zhao et al., 2007; Kim et al., 2009 Kim et al., , 2010 Kim et al., , 2011 Zhang et al., 2011a) .
Imaging of tumor microenvironment is complex. Some of the processes and targets involved in the cross-talk between tumor and its environment were described here; however, the research in this field has not reached its full potential and should be further pursued. F. In addition, imaging of VEGF levels before and after treatment using 89 Zr-bevacizumab is ongoing.
G. Cancer Metastasis Imaging
Tumor metastasis is responsible for approximately 90% of all cancer-related deaths . The formation of cancer metastasis is a series of cell functions that must be gained by the cancer cells to the point where they seed at a secondary site. This cascade of events includes the following: 1) "escape" and detachment of tumor cells from the primary tumor, 2) invasion of basement membrane and ECM that surround the tumor, 3) invasion of the basement membrane supporting the endothelium and intravasation of local blood and/or lymphatic vessels, 4) adhesion to the endothelium of blood and/or lymphatic vessels of the target organ site, 5) extravasation through the endothelial cell layer and the surrounding base membrane of target organ, and finally, 6) growth within the target organ site . This complex mechanism of metastasis includes multiple molecules such as MMPs, integrins, and chemokines. Some of the processes discussed above are closely connected to the metastatic process as well, and the imaging agents that were mentioned in those sections can also be used for imaging metastatic lesions. In this section we will elaborate on metastatic imaging agents that were not discussed earlier.
1. Imaging of Integrin a 4 b 1 /Very Late Antigen-4. Integrin expression levels and cellular regulation change during tumor development (Felding-Habermann, 2003) . a 4 b 1 integrin, also called very late antigen-4 (VLA-4), is expressed by both blood cancers and solid tumors. Its expression can facilitate circulating tumor cells to adhere to vasculature endothelium and extravasate, thereby supporting dissemination in distal organs (Peng et al., 2006) . a4b1 was also suggested to play a role in preparation of the potential metastatic niche; tumor-supporting cells derived from the bone marrow express VEGFR-1 and a4b1 and have been shown to form a receptive environment for tumor cells (Peng et al., 2006) . Shokeen et al. (2012) reported on a potentially new application of the PET radiotracer 64 Cu-CBTE2A-LLP2A, which was developed primarily for imaging VLA-4-expressing tumors and VLA-4-expressing bone marrow-derived cells in premetastatic niche sites of bone metastasis in mice. LLP2A is a small peptide-based high-affinity and high-specificity peptidomimetic against a4b1 integrin (Peng et al., 2006) . 64 Cu-CBTE2A-LLP2A had higher cellular uptake in VLA-4-positive cells than VLA-4-negative cells. Thereafter, the tracer was evaluated in vivo in two of the following mouse models: 1) subcutaneous model-VLA-4-positive murine melanoma cells were subcutaneously injected into mice and 2) metastasis model -VLA-4-negative human breast carcinoma were injected intra-arterially into mice. To verify that 64 Cu-CBTE2A-LLP2A uptake is due to the binding to VLA-4 positive bone marrow-derived cells and not VLA-4-negative tumor cells, the negative cells were transfected with luciferase. Metastases were monitored by both BLI and micro-PET/CT. 64 Cu-CBTE2A-LLP2A showed accumulation in subcutaneous VLA-4-positive tumors but also high uptake in other VLA-4-expressing organs such as bone marrow and spleen (11.26 6 2.59 and 8.36 6 2.15%ID/g, respectively, at a 2-hour time point) (Shokeen et al., 2012) .
In the metastatic model that uses VLA-4 negative tumor cells, BLI showed metastatic lesions in the leg bones. 64 Cu-CBTE2A-LLP2A had higher accumulation in the region of metastasis than the surrounding leg, suggesting recruitment of VLA-4 positive bone marrow-derived cells to metastatic sites (Shokeen et al., 2012) . However, the actual numerical difference between the metastasis and surrounding leg was rather small, which would be very hard to detect in a clinical setting. Moreover, the researchers suggest that this agent might be suitable for imaging potential metastatic niches, but they only showed data in regions where metastatic lesions already existed. Accumulation of radioactivity increases over time in the metastasis, suggesting that recruitment of VLA-4-positive cells occur but can be detected only at least 10 days after cell injection. Nonetheless, imaging the formation of premetastatic niches might be very useful to help physicians make a more informed decision regarding appropriate therapy and should be further investigated.
Imaging of Transforming Growth Factor-b.
TGF-b promotes cancer angiogenesis, migration, invasiveness, immune suppression, and metastasis and is therefore a target for the development of many anticancer drugs. Imaging TGF-b level in the tumor will have clinical impact for guiding and monitoring specific treatment (Oude Munnink et al., 2011) . Fresolimumab is a human antibody that was tested for its ability to neutralize all mammalian active isoforms of TGF-b (Oude Munnink et al., 2011) . Fresolimumab was conjugated to N-succinyldesferrioxamine-B-tetrafluorphenol chelator for 89 Zr labeling. The ability of 89 Zrfresolimumab to evaluate TGF-b levels was tested using Chinese hamster ovary cells expressing intermediate and high levels of transfected human TGF-b1 in mouse xenograft models (Oude Munnink et al., 2011) . 89 Zr-fresolimumab had clear uptake at 3 and 6 days postinjection by tumors expressing different levels of TGF-b1. There was no significant difference in the uptake between the two models (;6 %ID/g at 6 days postinjection) (Oude Munnink et al., 2011) . Similar tumor uptake was found when nonspecific antibody was used, implicating that 89 Zr-Fresolimumab accumulation in the tumors was not specific (Oude Munnink et al., 2011) . TGF-b1 does seem to be a very interesting target for imaging, but more specific tracers need to be developed.
3. Imaging of Chemokine Receptor CXCR4. CXCR4 is a member of the chemokine receptor subfamily of seven-transmembrane domain GPCR whose sole known natural ligand is CXCL12/stromal cell derived factor-1. CXCR4 is an unusual chemokine receptor having roles beyond leukocyte recruitment, which include fundamental processes such as the development of the hematopoietic, cardiovascular, and nervous systems during embryogenesis (Burger and Peled, 2009 ). CXCR4 was also found to be expressed by cancers originated from breast, prostate, lung, colon, and multiple myeloma. CXCR4 expression can be induced by a number of transcription factors important in cancer such as HIF-1, nuclear factorkB, and oncoproteins PAX3-FKHR and RET/PTC (Furusato et al., 2010; Teicher and Fricker, 2010) . A number of recent studies correlated high levels of CXCR4 expression in cancers with poor prognosis and with resistance to chemotherapy, in part through enhancing interactions between cancers and bone marrow stroma. A possible role for CXCR4 and chemokine receptors, in general, in cancer and metastasis was first suggested in studies of breast cancer, showing that the receptor plays a role in directing metastatic cells to CXCL12-expressing organs (Muller et al., 2001 ). More recent work has shown that CXCR4 membrane expression can be used as a prognostic marker for metastatic potential of node-negative breast tumors and patient survival (Blot et al., 2008) . Similarly, locally advanced breast cancer patients receiving neoadjuvant PET Imaging of Tumor Biology chemotherapy who had high expression of CXCR4, had a significantly higher incidence of recurrence and cancer death compared with patients with tumors expressing low CXCR4 (Holm et al., 2009) . Collectively, the data on CXCR4 in cancer suggest that this receptor increases tumor cell survival and/or growth and/or metastasis, making it a potentially attractive therapeutic target (Wald et al., 2013; Weiss and Jacobson, 2013) .
Multiple CXCR4 antagonists were developed and are being evaluated and used for stem cell mobilization and as antitumor therapy (Burger and Peled, 2009 ). Evaluating CXCR4 expression in whole tumors noninvasively will enable personalized treatment with CXCR4 antagonists. 4-F-benzoyl-TN14003 (T140) is a high-affinity CXCR4 peptide antagonist consisting of 14 amino acids, with one disulfide bond between Cys 4 and Cys 13 , an amidated C terminus, and a 4-fluorobenzoyl group at the N terminus. We have labeled T140 with 18 F without changing its chemical structure. We found that it does bind to CXCR4 in tumors (Fig.  24A ), but tumor uptake is prevented in vivo because of its binding to red blood cells (RBC) . We were able to overcome this RBC binding by injecting the tracer in low SA (coinjection with 10 mg of unlabeled peptide per mouse). This tracer did not show high uptake in the liver (;3%ID/g), and when injected in low SA, it gave high tumor-to-background ratio (.20). However, the major drawback was its long synthesis time and relatively low radiochemical yield. To shorten the synthesis, we have introduced a DOTA chelator on the lysine residues of the peptide and labeled it with 64 Cu (Jacobson et al., 2011) to give 64 Cu-T140-2D. 64 Cu-T140-2D showed similar binding to RBC as the fluorine-18 labeled T140, and in low SA form could be used for imaging CXCR4-positive tumors (Jacobson et al., 2011) . Nevertheless, there was significantly higher activity accumulation in the liver (;20%ID/g).
In an attempt to limit undesired binding of labeled T140 to RBC, we synthesized the peptide with DOTA or NOTA chelators at the N terminus, replacing the fluoro-benzoyl group, and thereafter labeled the tracers with 64 Cu. Replacing the fluoro-benzoyl group with either DOTA or NOTA diminished the binding of labeled T140 to RBC, while only slightly reducing the binding to CXCR4 (Fig. 24 , B and C) . These two optimized tracers, used in high SA, showed high accumulation in CXCR4-positive tumors (5-6%ID/g) but not in CXCR4-negative tumors and high tumor-to-background ratio, while having short radiosynthesis time, high radiochemical yield, and no nonspecific binding to RBC .
Another CXCR4 antagonist that was labeled for PET imaging by us and others is AMD3100 [1,19-[1,4-phenylenebis(methylene) ]bis [1,4,8,11-tetraazacyclotetradecane] , plerixafor]. AMD3100 is a bicyclam that can chelate a metal ion, and it was labeled with 64 Cu (Jacobson et al., 2009; Nimmagadda et al., 2010; Weiss et al., 2012) . 64 Cu-AMD3100 had rapid clearance from the blood (unlike T140) and accumulation in CXCR4 expressing organs such as the bone marrow and spleen (Jacobson et al., 2009) . 64 Cu-AMD3100 specifically accumulated in CXCR4 expressing tumors (Fig. 24, D and E) (Nimmagadda et al., 2010; Weiss et al., 2012) . However, the main drawback of the tracer was high accumulation in the liver (.40%ID/g), which was specific to the parent molecule and masked some of the adjacent organs. This phenomenon is not CXCR4 specific. In another study, a similar small molecule N- (4-((1,4,8,11-tetraazacyclotetradecan-1-yl) methyl)benz yl)-1-(pyridin-2-yl)methanamine hexahydrobromide (AMD3465), whose structure contains one cyclam that can chelate copper-64, was also evaluated as a PET tracer for imaging CXCR4 and showed very high accumulation in CXCR4-expressing tumor (;100%ID/g) and lower but significant (40%ID/g) accumulation in the liver (De Silva et al., 2011) .
4. Imaging of Urokinase-type Plasminogen Activator Receptor. The urokinase plasminogen activator (uPA) system consists of a proteinase, its receptor (urokinasetype plasminogen activator receptor, uPAR), and plasminogen activator inhibitors, including types 1 and 2 (Atfy et al., 2012; Ma and Tao, 2012) . In some cancers, uPA plays a significant role in tumor progression, including angiogenesis, tumor growth, and metastasis. uPAR expressed/overexpressed by tumor cells (Zhang et al., 2013a ) binds uPA and initiates a pericellular proteolysis cascade: uPA cleaves plasminogen into active plasmin, which in turn starts a proleolytic degradation of the extracellular matrix (ECM) and activates MMPs and growth factors. This cascade also activates multiple intracellular signaling pathways (Ma and Tao, 2012) .
Immunohistochemistry and in situ hybridization studies showed that uPAR is expressed in low levels by normal tissues and is upregulated in cancer lesions. Studies have shown correlation between uPAR expression and poor prognosis in several cancers including breast, colorectal, and gastric cancer. Hence, the development of molecular imaging probes for uPAR might help to identify and treat patients with high uPAR expression (Persson et al., 2012a) .
AE105, a uPAR peptide antagonist in the nanomolar range, was labeled with several PET isotopes ( 68 Ga, 64 Cu, and 18 F) and evaluated in various human xenograft models expressing different levels of uPAR (Persson et al., 2012a,b; Zhang et al., 2013a) . These peptide-based tracers had specific accumulation in uPAR-expressing tumor xenografts and were able to differentiate high and low uPAR.
Tumor metastasis is the main reason for cancerassociated death, and imaging of tumor metastasis is crucial for guiding therapy. Some processes and markers related to cancer metastasis were not yet addressed by the PET research community, such as molecules involved in epithelial to mesenchymal transitions. On the other hand, imaging some of the targets, such as CXCR4, has shown feasibility in multiple animal models and several tracers for this receptor have already been developed and should be further translated into clinical trials.
III. Theranostic Radiotracers
Theranostic radiotracers are "all in one" tracers that can serve as both imaging and therapy agents (Velikyan, 2012) . The labeled tracers are used for evaluating target receptors in the tumor or its environment, and if the tumor is positive, the same molecule is thereafter used for therapy, either unlabeled or labeled with therapeutic radioisotopes (Baum and Kulkarni, 2012; Fani et al., 2012; Goldenberg et al., 2012; Oberg, 2012) . The value of such molecules is obvious: it enables knowledge that the same molecule will reach the tumor and therefore significantly increase the rate of success of the treatment. The ability to use the same molecule for both imaging and therapy is more easily achieved when the tracer contains a chelator, which can bind imaging radioisotopes and thereafter apply radiation therapy isotopes such as 177 Lu and 90 Y. One study on this matter was published by Gabriel et al. (2010) describing customized tumor targeting. In this study 100 cancer patients, with the majority of them having NET, were PET/CT scanned with somatostatin octreotide peptide analog 68 Ga-DOTA-TOC. If the PET scan was negative, the patient also underwent PET scan with a different peptide analog lanreotide ( 68 Ga-DOTA-LAN). Patients that were positive for either scan underwent dosimetry measurement with the same compound for which they were positive, In, for calculating appropriate dosimetry and organ exposure. Finally, the patients were treated with the same molecule labeled with 90 Y with the exception of patients with lesions smaller than 2 cm, who were treated with 177 Lu-DOTA-TATE (another SST analog). This approach resulted in response to therapy of about 33% of the patients, favoring such customized therapy for advanced tumor stage (Gabriel et al., 2010) .
Another interesting study was published recently on treatment efficacy of CXCR4 antagonist, T140 peptide, against human NSCLC in mouse xenograft models. The exact peptide was previously labeled with 18 F, without changing its chemical structure . CXCR4/CXCL12 interactions promote NSCLC growth and metastasis and might promote NSCLC resistance to chemotherapy and/or radiotherapy (Fahham et al., 2012) . The researchers first evaluated the antiproliferative effects of T140 in vitro, using five different NSCLC cell lines expressing CXCR4. Then the cell lines with the highest and lowest proliferative response to CXCL12 stimulation were further investigated in vivo. Both tumors had high CXCR4 expression, as was confirmed by immunohistochemistry. T140 was injected subcutaneously at a distant site from the tumor and significantly delayed the growth of both xenografts, with higher effect on the tumors derived from the cell line that was more responsive to CXCL12. The median tumor volume was decreased by nearly 50% in both tumor types (Fahham et al., 2012) . Taken together, the two studies show that the same molecule in the labeled form can be used for imaging CXCR4 by solid tumor and in the unlabeled form for therapy.
An example for antibody imaging/therapy is the antibody ibritumomab tiuxetan (Zevalin; Spectrum Pharmaceuticals, Inc., Irvine, CA), which was approved for the treatment of patients with relapsed and refractory non-Hodgkin's lymphomas and was labeled with 89 Zr for imaging and 90 Y for treatment (Rizvi et al., 2012) . Seven patients with relapsed B-cell non-Hodgkin's lymphomas underwent PET scans with 89 Zr-ibritumomab tiuxetan at 1 hour and 3 and 6 days postinjection and again 2 weeks after treatment with 90 Y-ibritumomab tiuxetan. PET images at 1 hour postinjection of 89 Zr-ibritumomab tiuxetan showed typical distribution for an antibody, with high activity in the blood pool and uptake in the liver, heart, spleen, bone marrow, and kidneys and almost no uptake in the tumor lesions. At 3 and 6 days postinjection, the uptake in the tumor was increased and the activity in other organs (except for liver) was decreased. The researchers compared imaging when only 89 Zribritumomab tiuxetan was injected to the patients and when it was coinjected with therapeutic amount of 90 Y-ibritumomab tiuxetan and concluded that the therapeutic amount of 90 Y-ibritumomab tiuxetan did not influence 89 Zr-ibritumomab tiuxetan PET imaging distribution. Furthermore, they calculated human effective dose of 90 Y-ibritumomab tiuxetan based on 89 Zr-ibritumomab tiuxetan and suggested that 89 Zribritumomab tiuxetan can be used in the future for calculating appropriate dosing of 90 Y-ibritumomab tiuxetan (Rizvi et al., 2012) .
An approach that is attracting increasing attention and interest in the recent years for molecules that have both imaging capabilities and drug delivery is the use of nanoparticles (NPs). NPs including liposomes, polymeric micelles, dendrimers, superparamagnetic iron oxide crystals, and colloidal gold and many more forms can be manufactured using different chemical methods . The idea behind NPs is that the same particle can contain several different molecules: some will control delivery, some will direct the specificity to targets on the tumor cells or microenvironment, some will retain drugs to be released in the targeted organ, and others will enable visualization of the NPs in vivo by different imaging techniques such as MRI and PET. Targeting the tumor and its microenvironment can be done either passively, based on the abnormal vasculature of the tumor that allows enhanced permeability and retention or by active targeting that depends on ligand-directed binding to receptors expressed by tumor cells. Release of drugs retained within the NPs may be controlled in response to changes of temperature, pH, or enzymatic cleavage . However, targeted delivery of these NPs in vivo in animal models and patients remains to be a challenge, with high accumulation in the liver and spleen regardless of useful properties in cell culture condition. One of the benefits of using NPs for therapy is that the poor solubility, poor biodistribution, unfavorable pharmacokinetics, and lack of selectivity of chemotherapeutic drugs can be relatively easily overcome . Yang et al. (2011c) reported on the evaluation of multifunctional and water-soluble superparamagnetic iron oxide (SPIO) nanocarriers for targeted drug delivery and PET/MR imaging of glioblastoma xenografts expressing integrin a v b 3 in mice . The chemotherapeutic drug doxorubicin was conjugated onto SPIO nanocarriers using a hydrazone bond, which is pH sensitive and releases the drug at lower pH, usually found in tumor microenvironment. For tumor targeting, cRGD peptide (a v b 3 antagonist) was conjugated onto SPIO nanocarriers along with NOTA chelator for 64 Cu PET isotope . 64 Cu-cRGD-SPIO-nanocarriers were injected into tumor-bearing mice and evaluated up to 48 hours postinjection. Tumor targeting of 64 Cu-cRGD-SPIO-nanocarriers was compared with free cRGD nanocarriers ( 64 Cu-SPIOnanocarriers; Fig. 25) . 64 Cu-cRGD-SPIO-nanocarriers accumulated in the tumor (5.4 6 2.1% ID/g at 48 hours postinjection). It also accumulated in the liver; however, the uptake in that organ reduced over time (6.1 6 1.6%ID/g at 48 hours postinjection). Other than the liver, the NPs did not have high uptake in other organs, demonstrating good targeting abilities and favorable tumor contrast (Fig.  25) . Specific binding was proven by blocking experiment, done by administration of cRGD (10 mg/kg mouse body weight) with 64 Cu-cRGD-SPIO-nanocarriers, which significantly reduced tumor uptake at all the time points examined . Unfortunately, the authors did not report on any evaluation of the NPs for drug release at the tumor site or the efficacy of antitumor treatment. However, there have been several other reports showing that NPs can be used for therapy, indicating that this technology for theranostics has a great potential .
The data described in this section include several technologies that enable diagnosis and treatment with the same molecule. The nanoparticle technology, although very interesting, seems to be the most remote for translation to the clinic because of undesired uptake in non-cancer-related organs. Antibodies, on the other hand, have already been used in the clinic and evaluated as tracers in clinical trials, such as the 89 Zr-DFO-J591, which was described in section II.D. Peptides are also being evaluated as treatment in clinical trials, and thereafter the transition of such peptides for clinical imaging should be relatively straightforward.
IV. Conclusions and Perspectives
In this review, we described various PET tracers for cancer imaging by dissecting different processes involved in tumor development and dissemination. PET is a nuclear medicine technology that uses injected bioprobes for imaging their accumulation in target organs and tissues. PET cancer diagnosis in the clinic is currently limited to the use of tracers that measure metabolic processes. However, multiple specific tracers are currently being evaluated in clinical trials. The research on development of new and improved tracers is constantly growing.
Cancer is a complex multiple process and its initiation requires cells to evade the strict regulation of proliferation, which can occur because of genetic defects or accumulation of mutation. This evasion requires both ignoring suppressive signals, as well as sustaining proliferative signals. Local tumor growth also requires tumor cells to resist apoptosis. For the tumor to grow further locally, tumor cells also have to replicate limitlessly and at some point be able to induce angiogenesis. For the tumor to spread, it will have to become more aggressive and invade the surrounding tissue, which will also enable tumor cells to reach the blood stream and form metastasis. The metastatic process requires seeding in tissues that can PET Imaging of Tumor Biology support tumor cell proliferation. It is also important to note that during the tumor development and spread, the tumor needs to evade the immune system and sometimes harness it for its own benefits. All the processes described above involve multiple mechanisms and protein expressions, which are not the same for every type of cancer. Because of the different mechanisms used by different cancers, it is highly important to establish which mechanism takes place for each tumor type and each patient to tailor personalized therapy. Currently, the only method available for determining protein expression by tumors is by invasive biopsy. The other possible noninvasive method that might be used in the near future for some mechanisms is nuclear medicine imaging, including PET and SPECT. Herein, we tried to describe for the readers the broad spectrum of tracers that are being developed for PET imaging of cancers, divided by the main processes that occur in cancer development. The development of PET tracers will enable theranostics, which means giving specific therapy based on the exact diagnosis and thereafter monitoring the related treatment. Some PET tracers we described above can be used both as diagnostic tools and in unlabeled form or labeled with therapeutic radioisotopes can serve as therapeutics.
Nevertheless, not all the processes and markers of cancer and metastasis have been targeted yet and new tracers are expected to be developed in the future. In a broader perspective for the future of PET tracers for cancer and other pathologies, we would argue that the requirement of a cyclotron facility for the production of most PET isotopes and the expensive process of their production will drive more and more laboratories to use the less expensive and more available 68 Ga, which is produced using a generator. In most cases, 68 Ga also offers easier radiosynthesis than 18 F and 11 C, and these advantages might mitigate its disadvantage of slightly reduced image quality than that of 18 F and 11 C. The use of 68 Ga will dictate development of tracers that are either peptides or small molecules because of the short half-life.
Another future direction of radiochemistry that we expect to take place is the use of 18 F in the form of Al 18 F, which is easily chelated by NOTA chelator and offers a shorter and easier radiosynthesis. Similar to 68 Ga, the short half-life of 18 F will limit its labeling application to peptides, small proteins (such as the affibody), and small molecules.
We would like to take this opportunity to suggest an additional class of interesting targets/tracers that might be used for imaging, which are microRNAs (miRNAs). Currently there is no PET or SPECT tracer using miRNA and most of the available tracers are fluorescent, which is very limited for whole body in vivo imaging. New insights on miRNA show that these molecules might be transferred from one cell to another, sometimes via the circulation, in microvesicles (Hunter et al., 2008) .
Adopting these vehicles as a method for delivering radioactivity, either by direct labeling or by labeling the miRNA within, might prove beneficial for tumor imaging.
Genomic analysis of cancers is becoming more frequent in the clinic as a means for achieving personalized treatment of cancer; however, these analyses may result in multiple targets and are not necessarily expressed on the protein level by the tumors. Development of specific tumor markers can complement genomic analysis by allowing positive gene upregulation results to be tested by protein expression, enabling a more precise personalized treatment of patients, and will assist in the evaluation of treatment.
